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1 Executive Summary 

1.1 Science Drivers for the Large Synoptic Survey Telescope 
The Large Synoptic Survey Telescope (LSST) will be a large-aperture, wide-field, optical imaging facility 
designed to address some of the most pressing questions about the structure and evolution of the 
universe and the objects in it. What is the mysterious dark energy that is driving the acceleration of the 
cosmic expansion? What is dark matter, how is it distributed, and how do its properties affect the 
formation of stars, galaxies, and larger structures? How did the Milky Way form, and how has its present 
configuration been modified by mergers with smaller bodies over cosmic time? What is the nature of 
the outer regions of the solar system? Is it possible to make a complete inventory of smaller bodies in 
the solar system, especially the potentially hazardous asteroids that could someday impact the Earth? 
Are there new exotic and explosive phenomena in the universe that have not yet been discovered? 

These are profound questions, and yet the concept behind the design of the LSST is remarkably simple: 
conduct a deep survey over an enormous area of sky; do it with a frequency that enables repeat 
exposures of every part of the sky every few nights in multiple bands; and continue in this mode for ten 
years to achieve astronomical catalogs thousands of times larger than have ever previously been 
compiled. The essence of the LSST is wide, fast, deep. 

1.1.1 Overview of Science Enabled by LSST 
Superior survey capability will open new avenues of research. In formulating the requirements for the 
LSST, the initial focus was on four scientific topics: 

• Dark Matter and Dark Energy 

• Hazardous Asteroids and the Remote Solar System 

• The Transient Optical Sky 

• The Formation and Structure of the Milky Way 
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These four science topics were chosen because they are the focus of cutting edge research that spans 
the universe from our own local neighborhood to distant galaxies, the formation of the solar system, the 
evolution of galactic structure, and cosmology. 

Each of these four themes itself encompasses a variety of analyses, with varying sensitivity to 
instrumental and system parameters. These themes fully exercise the technical capabilities of the 
system, such as photometric and astrometric accuracy and image quality. About 90% of the observing 
time will be devoted to a deep, wide, fast (main) survey mode. The working paradigm is that all scientific 
investigations will utilize a common database constructed from an optimized observing program 

If the LSST meets the science requirements for these four topics, then it will also meet the requirements 
for a very broad range of other scientific programs. The LSST Science Book (http;//www.lsst.org), which 
was authored by 245 scientists who are currently working with the LSST project, describes many of 
these programs in detail. 

1.2 Major Agency Endorsements 
Because of its broad scientific potential, the development of LSST has received strong endorsements in 
four influential National Academy of Sciences/National Research Council reports:  

• ASTRO 2010 - New Worlds, New Horizons in Astronomy and Astrophysics (NAP 2010) selected 
LSST as the number one priority in ground-based astronomy.  

• Connecting Quarks with the Cosmos:  Eleven Science Questions for the New Century (Turner 
2003): Reviewed frontier research at the interface of physics and astronomy. Highlighted the 
capabilities of LSST as a probe of dark energy and dark matter. 

• New Frontiers in Solar System Exploration (Belton 2003): Reviewed the current status of solar 
system research and outlined a program of investment for the future. Endorsed LSST for its 
ability to survey moving objects in the solar system. 

• Astronomy and Astrophysics in the New Millennium (McKee 2001): Reviewed major new 
initiatives in all areas of astronomy and astrophysics. Endorsed LSST as a high-priority major new 
project in ground-based astronomy. 

As a dark energy experiment, the LSST project has also attracted the interest of the particle physics 
community. The Dark Energy Task Force (DETF), commissioned jointly by the Astronomy and 
Astrophysics Advisory Committee (AAAC) and the High Energy Physics Advisory Panel (HEPAP), 
concluded that a Stage IV Large Survey Telescope (modeled on LSST) could make a major advance in our 
understanding of dark energy, especially if subtle systematic errors can be brought under control 
(Albrecht 2006). 

On the basis of the DETF report and the results of the LSST CoDR, the Particle Physics Project 
Prioritization Panel (P5), recommended in 2008 that “DOE support the ground-based LSST program, in 
coordination with NSF” (Baltay et al. 2008). 
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1.3 Conceptual Design of Telescope and Camera 
The 8.4 m LSST will be constructed on the El Penon peak on Cerro Pachon in northern Chile. Its three 
large telescope mirrors will be actively controlled to minimize distortions. The telescope mount will be a 
compact, stiff structure especially designed to reduce image motion. The LSST Camera - with three 
refractive lenses and a 9.6 square degree field-of-view - will be the largest digital camera ever 
constructed. LSST will take pairs of 15-second exposures of each field, separated by a 2 second readout. 
Operational simulations demonstrate that the LSST can deliver a uniform and deep 18,000 square 
degree survey with over 5.2 million exposures in ten years. This “movie” out to redshift 3 will open an 
entirely new window on the universe. LSST will produce on average 15 terabytes of data per night, 
yielding an uncompressed data set of 200 petabytes. Dedicated facilities will process the image data in 
near real time. The design of the LSST is described in more detail in Chapter 5. 

The LSST Camera and its major subsystems are illustrated in Figure 1-1 below. The Camera provides a 
3.2-gigapixel flat focal plane array, tiled by 4K x 4K CCD sensors with 10 μm square pixels. The sensors 
are deep-depleted, back-illuminated devices with a highly segmented architecture that enables the 
entire array to be read out within the required 2 seconds. Detectors are grouped into rafts in 3 x 3 
arrays, each containing its own dedicated front-end and back-end electronics boards. The rafts are 
mounted on a silicon carbide grid inside a vacuum Cryostat, with an intricate thermal control system 
that maintains the CCDs at an operating temperature of -100 ºC. The entrance window to the Cryostat is 
refractive lens L3, the third the three such lenses in the Camera. The other two lenses, L1 and L2, are 
mounted in an optics structure at the front of the Camera Body, which also contains a mechanical 
shutter and a Carousel assembly that holds five large optical filters. A sixth optical filter can replace any 
of the five via a procedure accomplished during daylight hours. The Camera design is described in more 
detail starting in Chapter 6 and continuing through the remainder of this Report. 

1.4 Cost and Schedule 
The estimated cost for the LSST Camera is $130.0M to $151.5M. The construction project has an 
estimated duration of 5 years. 

1.5 Acquisition Strategy 
The lead contractor for acquisition of the LSST Camera will be Stanford University, which operates SLAC 
National Accelerator Laboratory under contract with the U.S. Department of Energy. 

Collaborating institutions are: Brookhaven National Laboratory, Lawrence Livermore National 
Laboratory, the University of Pennsylvania, Harvard University, Purdue University, the University of 
Illinois, Fermi National Accelerator Laboratory, IN2P3, the University of Arizona, and Ohio State 
University. 
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Figure 1-1: High-Level View of the LSST Camera, Showing Major Subsystems (Filter Exchange System 
Omitted) 
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2 Science Motivation and Requirements 

2.1 Overview of Science Requirements for LSST 
The LSST is envisioned to be a large, wide-field ground based telescope designed to obtain sequential 
images covering over half the sky every few nights. The current baseline design (see Chapters 5 and 6) 
involves a 3-mirror system with an 8.4 m primary mirror, which feeds three refractive correcting 
elements inside a camera, providing a 9.65 deg2 field of view sampled by a 3.2 Gigapixel focal plane 
array. The total effective system throughput (etendue) is expected to be greater than 300 m2 deg2, 
which is more than an order of magnitude larger than that of any existing facility. The survey will yield 
contiguous overlapping imaging of ∼ 18,000 deg2 of sky in six optical bands covering the wavelength 
range 320–1050 nm. Detailed simulations that include measured weather statistics and a variety of 
other effects which affect observations predict that each sky location can be visited about 100 times per 
year, with 30 sec exposure time per visit. 
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The range of scientific investigations that are enabled by such a dramatic improvement in survey 
capability is extremely broad and is summarized in detail in the LSST Science Book 
(http://www.lsst.org/scibook). However, it is not feasible to make an exhaustive study of the scientific 
requirements appropriate to all of them. To define quantitative science drivers and resulting 
requirements on the overall design, four main science themes have been identified: 

1. Constraining the Nature of Dark Energy and Dark Matter  

2. Taking an Inventory of the Solar System  

3. Exploring the Transient Optical Sky  

4. Mapping the Milky Way 

Each of these four themes itself encompasses a variety of analyses, with varying sensitivity to 
instrumental and system parameters. It is our belief that the analyses encompassed by these four 
science themes fully exercise the technical capabilities of the system, such as photometric and 
astrometric accuracy and image quality. The working paradigm at this time is that all such investigations 
will utilize a common database constructed from an optimized observing program.  

Below, we provide broad overviews of the methodologies that will be invoked in the study of dark 
energy and dark matter, since these are the topics of most interest to the Department of Energy.  
However, for completeness, we also include short summaries of the science goals for the other three 
areas.  The science requirements that have been derived are made in the context of what we forecast 
for the scientific landscape in 2020, when LSST will begin its survey. Clearly science will not stand still in 
the intervening time. Using current plans for smaller surveys and precursor projects one may calculate 
efficiencies and gauge the likely progress on a number of LSST-related scientific frontiers. Some 
advances in each area will be made, but the LSST remains the ultimate facility for each key area covered 
in this chapter. 

2.2 Constraining Dark Energy and Dark Matter 
Driven by observations, current models of cosmology require the existence of both dark matter and dark 
energy.  One of the primary challenges for fundamental physics is to understand these two major 
components of the universe. In addition to making a unique map of dark matter structure over half the 
sky, LSST will probe dark energy in multiple ways, providing cross checks and removal of important 
degeneracies.  

In physical cosmology, dark energy is a hypothetical form of energy that permeates all of space and 
tends to increase the rate of expansion of the universe.  Dark energy is the most accepted theory to 
explain recent observations and experiments that the universe appears to be expanding at an 
accelerating rate. In the standard model of cosmology, dark energy currently accounts for 73% of the 
total mass-energy of the universe. 

Two proposed forms for dark energy are the cosmological constant, a constant energy density filling 
space homogeneously, and scalar fields such as quintessence or moduli, dynamic quantities whose 
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energy density can vary in time and space. Contributions from scalar fields that are constant in time are 
usually also included in the cosmological constant. The cosmological constant is physically equivalent to 
vacuum energy. Scalar fields that do change in time can be difficult to distinguish from a cosmological 
constant because the change may be extremely slow. 

High-precision measurements of the expansion of the universe are required to understand how the 
expansion rate changes over time. In general relativity, the evolution of the expansion rate is 

parameterized by the dark energy equation of state, w(z) = p/ρ, the relationship between pressure and 
energy density as a function of redshift.  Measuring the equation of state of dark energy is one of the 
biggest efforts in observational cosmology today. 

2.2.1 Overview of Dark Energy Constraints 
To investigate the dynamics of the universe, three major techniques have been invoked. The first, 
measurements of cosmic shear through weak gravitational lensing, relies on the inference of the growth 
of structure with cosmic time.  As such, it simultaneously probes the expansion of the universe and the 
evolution of the dark matter density field perturbations, which depend on the explicit predictions of 
general relativity.  The rate at which primordial density perturbations grow to form larger and larger 
structures is very sensitive to the dynamics of the expanding universe. 

A second technique uses observations of the light curves of Type Ia supernova. According to the 
accepted theory, a Type Ia supernova is produced when a white dwarf accretes mass from a companion 
star, which makes it unstable, thereby igniting a gigantic thermonuclear explosion. For cosmology, these 
events are important because they are very bright, which allows for their detection at very large 
distances, and because their intrinsic luminosities can be inferred from the measured shapes of their 
light curves.  If the intrinsic luminosity of a supernova event is known, then its distance (more 
specifically, its luminosity distance) can be inferred.  For any given cosmological model, there is an 
explicit prediction for the relation between luminosity distance and redshift that can be tested in this 
way. 

Finally, the third technique, measurement of baryon acoustic oscillations (BAO) utilizes a fixed physical 
scale in commoving coordinates to constrain an angular diameter versus redshift relation that is also 
predicted by cosmological models.  The fixed physical scale (~ 150 Mpc) is the propagation distance of 
acoustic waves in the early universe prior to recombination of protons and electrons, which decouples 
the photon and matter fields.  That distance is imprinted on the three-dimensional distribution of 
galaxies, which subsequently form through gravitational accretion.  

2.2.2 Measurement of Cosmic Shear Through Weak Gravitational Lensing 

2.2.2.1 Explanation of gravitational lensing 
Weak gravitational lensing is the most direct probe of mass distribution in the Universe. It has been 
applied successfully on many different scales, from galaxy halos to large-scale structure. These 
measurements in turn yield constraints on models of dark matter, dark energy and cosmology.  The 
primary limitation to date has been statistical:  Lensing causes a small perturbation to the initially 



LSST Camera Conceptual Design Report 

13 
 

random orientations of background galaxies, so large numbers of background galaxies are required for 
high signal-to-noise measurements. 

Weak lensing (WL) techniques can be used to map the distribution of mass as a function of redshift and 
thereby trace the history of both the expansion of the Universe and the growth of structure (e.g., Hu & 
Tegmark 1999; Wittman et al. 2000; for a review see Bartelmann & Schneider 2001). Weak lensing of 
galaxies as a function of redshift probes both the evolution of structure over cosmic time and 
determines dimensionless ratios of distances versus cosmic time, giving multiple independent 
constraints on the nature of dark energy. These investigations require deep wide-area multi-color 
imaging with stringent requirements on shear systematics in at least two bands, and excellent 
photometry in all bands (a requirement shared with BAO.) The strongest constraints on the LSST image 
quality come from this science program. In order to control systematic errors in shear measurement, it 
is mandatory to obtain the desired depth with many short exposures (which enables reconstruction of 
galaxy shapes with minimum systematic error). Detailed simulations of weak lensing techniques show 
that, in order to obtain a sample of > 3 billion lensed galaxies, the coadded map must cover > 15,000 

deg2, and reach a depth of r > 27.5 (5σ for point sources), with several hundred exposures per field and 
sufficient signal-to-noise in at least five other bands to obtain accurate photometric redshifts. This depth 
optimizes the number of measured galaxies in ground-based seeing, and allows their detection in 
significant numbers to beyond a redshift of 2. It is anticipated that optimal science analyses of weak 
lensing may also place strong constraints on data processing software. 

Gravitational lensing acts as a coordinate transformation that distorts the images of background galaxies 
near a foreground mass. The transformation can be split into two terms, the convergence and shear. 
The convergence term magnifies the background objects by increasing their size, and the shear term 
stretches them tangentially around the foreground mass. 

 

Figure 2-1: Gravitational lensing 

To measure this tangential alignment, it is necessary to measure the ellipticities of the background 
galaxies and construct a statistical estimate of their systematic alignment. The fundamental problem is 
that galaxies are not intrinsically circular, so their measured ellipticity is a combination of their intrinsic 
ellipticity and the gravitational lensing shear. Typically, the intrinsic ellipticity is much greater than the 
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shear (by a factor of 3-300, depending on the foreground mass). The measurements of many 
background galaxies must be combined to average down this "shape noise". The orientation of intrinsic 
ellipticities of galaxies should be almost entirely random, so any systematic alignment between multiple 
galaxies can be assumed to be caused by lensing, if it is not otherwise attributable to the measurement 
process itself. 

A major challenge for weak lensing is correction for the point spread function (PSF) due to instrumental 
and atmospheric effects, which causes the observed images to be smeared relative to the "true sky". 
This smearing tends to make small objects more round, destroying some of the information about their 
true ellipticity. As a further complication, the PSF typically adds a small level of ellipticity to objects in 
the image, which is not in general random, and can in fact mimic a true lensing signal. Even for the most 
modern telescopes, this effect is usually at least the same order of magnitude as the gravitational 
lensing shear, and is often much larger. Correcting for the PSF requires building a model for how it varies 
across the field. Stars in our own galaxy provide a direct measurement of the PSF, and these can be used 
to construct such a model, usually by interpolating between the points where stars appear on the 
image. This model can then be used to reconstruct the "true" ellipticities from the smeared ones. 
Ground-based and space-based data typically undergo distinct reduction procedures due to the 
differences in instruments and observing conditions. 

2.2.2.2 Weak Lensing correlation functions  
The key observables to be extracted from the LSST dataset are shear from galaxy shapes and source 
redshifts from photometric estimates. These must be derived for as many galaxies as possible, over as 
wide a range in redshift as possible. Subsequent analysis can be in terms of two- or three-point 
correlation functions, or shear profiles or mass maps depending on the specific project, but nearly all 
analyses rest on these two fundamental quantities. 

Because large-scale cosmological structures do not have a well-defined location, detecting cosmological 
gravitational lensing typically involves the computation of shear correlation functions, which measure 
the mean product of the shear at two points as a function of the distance between those points. 
Because there are two components of shear, three different correlation functions can be defined. 

For current and future surveys, one goal is to use the redshifts of the background galaxies (often 
approximated using photometric redshifts) to divide the survey into multiple redshift bins. The low-
redshift bins will only be lensed by structures very near to us, while the high-redshift bins will be lensed 
by structures over a wide range of redshift. This technique, dubbed "cosmic shear tomography", makes 
it possible to map out the 3D distribution of mass. Because the third dimension involves not only 
distance but cosmic time, tomographic weak lensing is sensitive not only to the matter power spectrum 
today, but also to its evolution over the history of the universe, and the expansion history of the 
universe during that time. 
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Figure 2-2: The lensing shear auto power spectra constructed from 5 redshift bins (l is the multipole moment 
of the distribution on the sky). Only the 5 auto-power spectra of each redshift bin among the available 15 
cospectra are displayed, and the solid curves show the predictions for the concordance ECDM model. The 
boxes show the expected 1-3/4 measurement error (¢l=l = 0:2) from the full LSST 10-year survey due to the 
sample (i.e., cosmic) variance which dominates at about l < 1000, and intrinsic ellipticities which dominate at l 
> 1000 (Zhan 2006). 

It is important to understand the statistical precision of cosmic shear observables and error propagation 
in the determination of cosmological parameters. Since cosmic shear probes the projected mass 
distribution, the statistical properties of the cosmic shear field reflect those of the mass distribution. For 
the case of the cosmic shear power spectrum, its statistical precision is determined by the covariance 
that contains three kinds of contributions:  The shot noise contamination due to intrinsic ellipticities, 
and the Gaussian and non-Gaussian sample variances caused by the imperfect sampling of the 
fluctuations (Scoccimarro et al. 1999; Cooray & Hu 2001; Takada & Jain 2009).   A measure of the 
statistical reach of LSST can be gleaned from Figure A.1 of Clowe et al. (2006b), which shows the shear 
noise level in 45-minute and 2-hour exposures taken with the 8.2-m VLT in various seeing conditions. 
These data show that shear noise of 0.05 per square arcminute is easily achievable if the delivered 
image quality is better than 0.7 arcsec FWHM. This matches the LSST observing plan, which is to take 
data in r and i (the most sensitive bands and the ones to be used for lensing) when the seeing is better 
than 0.7 arcsec. For rms = 0.28 per component, this implies Neff  = 31 galaxies arcmin2. 
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2.2.2.3 Reducing Systematics  
A key issue for this investigation will be the reliability of the photometric redshift estimates.  In weak 
lensing, however, the accuracy and precision of the photometric redshifts matter less than how well we 
know the accuracy and precision. Because the weak lensing kernel is broad in redshift, wide photometric 
redshift bins may be used. In practical terms, for any photometric redshift (zp) bin, the real challenge is 
in knowing the true redshift distribution rather than in making that distribution narrow. The science 
analysis proceeds by integrating over the distribution and is biased only to the extent that the 
distribution is biased. In the simplified case of a Gaussian distribution, Huterer et al. (2006b) found that 
the bias and scatter should be known to about 0.003 in each redshift bin. Ma & Bernstein (2008) 
extended this to arbitrary distributions, which can be represented as a sum of Gaussians, but this more 
sophisticated analysis did not qualitatively change the result. Huterer et al. (2006b) also investigated the 
effect of zp systematics on combined two-point and three-point constraints, and found that 
requirements are much reduced: with only a 20-30% dark energy constraint degradation, zp errors could 
be self-calibrated from the data. However, this assumed a very simple zp error model, and so may be 
overly optimistic. It is traditional to measure the zp bias and scatter by obtaining spectroscopic redshifts 
of a subset of galaxies. If this were true, the spectroscopic sample requirement is simply to amass a large 
enough sample to beat down the noise in each bin to less than 0.003. In this context, Ma & Bernstein 
(2008) estimate that 105 to 106 spectroscopic redshifts might be required for LSST.  However, a novel 
cross-correlation calibration technique described by Newman (2008; see Figure 2-3), has been shown to 
reduce this requirement dramatically. 

The second major area of concern involves the presence of systematic uncertainties in the galaxy shape 
determination. There are many contributions to the PSF, including atmospheric turbulence, optical 
aberrations, perturbations to the alignment of the optics, charge diffusion in the detector, etc. The scale 
of the residual shear errors that these contributions introduce should be set by the statistical error 
floors on the coadded data. The statistical errors contribute nearly a constant shear power of 3 × 10-7, or 
a source rms residual ellipticity of 0.001, over the range of angular scales for LSST WL science. The 
residual shear power systematics at all angular scales (after PSF corrections) must be less than 30% of 
the statistical shear power, including correlations between angle bins.  
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Figure 2-3: Cartoon depiction of cross-correlation photometric redshift calibration (Newman 2008). Panel A) 
shows the basic situation: we have imaging for many galaxies (circles/ellipses), some of which fall in a 
photometric redshift bin of interest (red). Galaxies that are near each other in three dimensions cluster 
together on the sky. We also know the spectroscopic redshifts of a smaller sample of objects (stars). The true 
redshift distribution for the objects in the photometric redshift bin is here assumed to be a Gaussian with 
mean 0.7 (plot); the stars are color-coded according to the redshift range the galaxy in question was 
determined to lie in with the color-coded ranges shown on the plot. B) For spectroscopic redshift objects that 
do not overlap in z with the photometric redshift objects, there will be no excess of neighbors that lie in the 
photometric redshift sample. C) If there is some overlap with the true redshift range of the photometric 
redshift sample, there will be some excess of neighbors around the spectroscopic object that lie in the 
photometric redshift bin. D) The strength of this clustering signal will be stronger the greater the fraction of 
the photometric redshift sample lies at the same z as the spectroscopic object in question. Because of this, we 
can reconstruct the true redshift distribution of the photometric redshift sample by measuring its clustering 
with objects of known redshift as a function of the spectroscopic z 

To achieve this goal, the residual shear power systematics (after corrections) must be below the 
statistical errors by a factor of ∼ 3.  While the statistical error is uncorrelated with angular scale (as 
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source galaxies are randomly oriented), systematic errors are typically correlated.  Statistical errors are 
reduced when averaged over many exposures and a broad angular band, but systematics do not average 
down unless they are chopped or vary stochastically from exposure to exposure. Thus there are two 
limiting angular regimes with different methods for reductions of systematics: (1) arcmin scales, in 
which systematics in the residual PSF ellipticity correlation average down like the number of exposures, 
and (2) degree scales, in which residual systematics can be reduced via chopping by dithering and 
rotating.  Simulations have been carried out for LSST that suggest that the required level of spurious 
shear suppression can indeed be achieved (see Figure 2-4). 

 

Figure 2-4: WL systematics 

2.2.3 Measurement of Type 1a Supernovae 
Type 1a supernovae provided the first evidence that the expansion of the universe is accelerating, 
thereby giving rise to the concept of dark energy. LSST will be a powerful SN factory. Operating in a 
standard mode of repeated scans of the sky with images taken every few days and with exposures of 30 
seconds, LSST will discover of the order 105 Type Ia supernovae annually. Their mean redshift will be z 
∼0.45 with a maximum redshift of ∼ 0.7. These data, when combined with priors from other 
experiments, can constrain the lowest eigenmode of w (i.e. the mean value) in the nearby universe to 
1% (limited by systematics), and given the dense sampling on the sky, can be used to search for any 
dependence of w on direction, which would be an indicator of new physics. Some supernovae will be 
located in the same direction as foreground galaxy clusters; a measurement of the magnification of the 
supernova will make it possible to model the cluster mass distribution. Core-collapse supernovae will 
provide estimates of the star formation rate during the epoch when star formation was changing very 
rapidly. Longer exposures (10-20 minutes/band) of a small area of the sky could extend the discovery of 
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supernovae to a mean redshift of 0.7 with some objects beyond z ∼1. The added statistical leverage on 
the “pre-acceleration” era will narrow the confidence interval on both w and its derivative with redshift. 

Spectroscopic follow-up for so many supernovae will be impossible. Exploitation of the data from the 
LSST will require light-curves that are well-sampled both in brightness and color as a function of time. 
This is essential to the search for systematic differences in supernova populations, which may 
masquerade as cosmological effects as well as for determining photometric redshifts from the 
supernovae themselves. Good image quality is required to separate supernovae photometrically from 
their host galaxies. Observations in five photometric bands will be necessary to ensure that, for any 
given supernova, light-curves in four bands will be obtained (due to the spread in redshift).  Absolute 
band-to-band photometric calibration to 1% is adequate, but the importance of K-corrections to 
supernova cosmology implies that the calibration of the relative offsets in zero points between filters 
remains a serious issue, as is stability of the response functions, especially near the edges of bandpasses 
where the strong emission and absorption features from supernovae makes this more of a problem than 
for stellar spectra. 

 

Figure 2-5: Forecast for joint posterior distribution on the parameters of a time evolving equation of state 
parametrized by w(a) = w0 + wa(1 − a) in a flat cosmology from 50,000 supernovae (i.e., one year of the LSST 
survey). The green and cyan contours show the 68% and 95% constraints including photometric errors on 
redshift as a Gaussian with an error _z = 0.01(1 + z), while the red and blue contours ignore photometric 
errors and only include an intrinsic dispersion of 0.12 mag in the distance indicator. 

2.2.4 Baryon Acoustic Oscillations 
Baryon acoustic oscillations are large-scale spatial correlations of galaxies resulting from a characteristic 
scale in the correlation of dark matter revealed in the temperature anisotropies in the cosmic 
microwave background. This “standard ruler” probes dark energy’s effect on the angular-diameter 
distance versus redshift relation. In the tightly coupled photon-plasma-dark-matter fluid prior to 
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recombination, acoustic waves supported by the photon pressure create a characteristic scale:  The 
sound horizon (Rs) in the matter distribution. After recombination, the sound speed of the neutral gas 
drops practically to zero, and thus the imprint of Rs at recombination becomes frozen in the matter and 
subsequently in the galaxy distributions. These same acoustic waves give rise to the peaks seen in the 
CMB temperature fluctuation spectrum, allowing Rs to be accurately determined (co-moving 150 Mpc). 
There is a corresponding set of peaks in the galaxy power spectrum, which are known as “baryon 
acoustic oscillations.” Since the BAO are associated with a well-defined co-moving distance, but are 
measured as a function of angle, they can be used to provide a “standard ruler” for determining the 
angular diameter distance as a function of redshift, and thereby constrain the cosmic expansion. 

There are several advantages of a large photometric redshift survey over existing work with small 
samples (Eisenstein et al. 2005; Cole et al. 2005; Padmanabhan et al. 2006; Blake et al. 2006): wide 
coverage (which reduces the sample variance error) and deep photometry (which leads to larger 
volume, more galaxies, and lower shot noise) with small errors (which significantly improve photometric 
redshift estimates). Simulations indicate that, with 3 billion galaxy redshifts, the BAO peaks will be 
cleanly detected for redshifts ranging from z ~ 0.3–2.7. The corresponding angular diameter distance will 
be measured to ~ 0.4% accuracy, especially at higher redshift (Zhan, Knox, and Tyson 2009). The 
requirement for large sample sizes imposed by BAO and WL research is a major driver of the LSST 
design. 

2.2.5 Constraints on Dark Energy Parameters 
In Figure 2-6, we show the constraints on the dark energy equation of state parameters from the various 
diagnostics described both separately and in combination. These simulations assume weak-lensing 
observations of a few billion galaxies (Zhan, et al. 2009). In order to obtain a sample of ~ 3 billion lensing 
galaxies, the co-added map must cover ~ 18,000 deg2 and reach a depth of r ~ 27.5 (5σ for point 
sources; AB magnitudes hereafter), with several hundred exposures per field and sufficient signal-to-
noise in at least five other bands to obtain accurate photometric redshifts. This depth and deep surface 
brightness limit allows the detection of galaxies in significant numbers to beyond a redshift of 2.  

In ground-based seeing, accurate galaxy shape measurement at the precision needed requires very low 
surface brightness limits that will yield 50 galaxies per arcmin2. The requirement that cross correlations 
(shear cross power) avoid cosmic variance, imposes a requirement for large area coverage. Optimal 
science analysis of weak lensing will place strong constraints on data processing software, such as 
simultaneous analysis of all the available images rather than analysis of a deep co-added image (Tyson 
et al. 2008). 
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Figure 2-6: Joint w0–wa constraints from LSST BAO (dashed line), cluster counting (dash-dotted line), 
supernovae (dotted line), WL (solid line), joint BAO and WL (green shaded area), and all combined (yellow 
shaded area). For the purpose of this figure, dark energy has been modeled as a homogeneous and isotropic 
fluid with the equation of state given by w(a) = w0 + wa(1-a), where w0 is the dark energy density today and 
wa is a function of cosmic time or scale factor a. The BAO and WL results are based on galaxy–galaxy, 
galaxy–shear, and shear–shear power spectra only. Adding other probes such as strong lensing time delay, 
ISW effect, and higher-order galaxy and shear statistics will further improve the constraints. (See the LSST 
Science Book for a discussion of these additional techniques.) 

2.3 Taking an Inventory of the Solar System 
LSST will provide data for millions of small bodies in our Solar System. Previous studies of these objects 
have led to dramatic changes in our understanding of the process of planet formation and evolution, 
and the relationship between our Solar System and other systems. These small bodies also serve as large 
populations of “test particles”, recording the dynamical history of the giant planets, revealing the nature 
of the Solar System impactor population over time, and illustrating the size distributions of 
planetesimals, which were the building blocks of planets. 

The Earth orbits within a swarm of asteroids; some small number of these objects will ultimately strike 
the Earth’s surface. The U.S. Congress mandated that by the year 2008, 90% of the near-Earth asteroids 
(NEAs) with diameters greater than 1 km be discovered and their orbits determined. Impacts of NEAs of 
this size have the potential to change the Earth’s climate and cause mass extinctions, such as the one 
credited with killing the dinosaurs. A NASA report published in 2003 estimates conservatively that with 
then current search techniques, about 70% of the NEAs with diameters larger than 1 km would have 
been cataloged by 2008. This same report quantifies the risk of impacts by smaller bodies, which have 
the potential of causing significant ground damage, and recommends reduction of the residual hazard 
by another order of magnitude as a reasonable next goal. Achieving this goal would require discovery of 
about 90% of the potentially hazardous asteroids (PHAs) down to diameters of about 140 m. While it is 
unlikely that any other currently planned facility could achieve this goal within a decade or two, 
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modeling suggests that the LSST is capable of finding 84% of the PHAs with diameters larger than 140 m 
within ten years. 

The search for PHAs puts strong constraints on the cadence of observations, requiring closely spaced 
pairs of observations two or preferably three times per lunation in order to link observations 
unambiguously and derive orbits. Individual exposures should be shorter than about 1 minute each to 
minimize the effects of trailing for the majority of moving objects. Because of the faintness and the large 
number of PHAs and other asteroids that will be detected, LSST must provide the follow-up required to 
derive orbits rather than relying, as current surveys do, on separate telescopes. The observations should 
be obtained within ± 15 degrees of the Ecliptic. The images should be well sampled to enable accurate 
astrometry, with absolute accuracy not worse than 0.1 arcsec for sources detected with the signal-to-
noise ratio SNR > 10. There are no special requirements on filters, although bands such as V and R that 
offer the greatest sensitivity are preferable. The images should reach a depth of at least 24.5 (5σ for 
point sources) in the r band in order to probe the ∼ 0.1 km size range at main-belt distances. Based on 
recent photometric measurements of asteroids by the Sloan Digital Sky Survey, the photometry should 
be better than 1-2% to allow for color-based taxonomic classification. 

The LSST can also make a major contribution to mapping Kuiper Belt Objects (KBOs). The orbits of KBOs 
provide a fossil record of the early history of the solar system; their eccentricities and inclinations 
contain clues to past perturbations by giant planets. The sizes of the KBOs hold clues to the accretion 
events that formed them and to their subsequent evolution through collisional grinding, etc. The 
compositions of KBOs are not identical and are correlated with their dynamical state; the reasons for 
these differences are not known. Light curves can be used to constrain the angular momentum 
distribution and internal strengths of the bodies. A more complete sample of KBOs and determination of 
their properties can assist with selecting targets for future NASA missions. The survey for PHAs can 
simultaneously provide the joint color-magnitude-orbital distribution for all bright (r < 24) KBOs. The 100 
or so observations obtained for each bright KBO can be searched for brightness variations, but modeling 
will be required to determine how well periods can be extracted from observations made at random 
times. At the very least, it will be possible to determine amplitudes for many thousands of KBOs, and 
periods can likely be derived for many of them. Long exposures would be required to push the detection 
of KBOs to smaller sizes and reach the erosion-dominated regime in order to study the collisional history 
of various types of KBOs. KBO science would be greatly amplified if a small fraction of the observing time 
were devoted to hour-long observations in the ecliptic. This same mode of observation may have 
applications to the study of variable and transient objects. Apart from exposure time limits, the 
requirements for the KBO science are similar to the requirements for the detection and orbital 
determination for other Solar System bodies. 

2.4 Exploring the Transient Optical Sky 
The LSST will open a new window on the variable sky.  Recent surveys have shown the power of 
variability for studying gravitational lensing, searching for supernovae, determining the physical 
properties of gamma-ray burst sources, etc. The LSST, with its repeated, wide-area coverage to deep 
limiting magnitudes will enable the discovery and analysis of rare and exotic objects such as neutron star 
and black hole binaries; gamma-ray bursts and X-ray flashes, at least some of which apparently mark the 
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deaths of massive stars; AGNs and blazars; and very possibly new classes of transients, such as binary 
mergers and stellar disruptions by black holes. It is likely that the LSST will detect numerous 
microlensing events in the Local Group and perhaps beyond. The LSST would provide alerts for 
concerted monitoring of these events, and open the possibility of discovering planets and obtaining 
spectra of lensed stars in distant galaxies as well as our own. LSST can also provide multi-wavelength 
monitoring over time of objects discovered by the Fermi Gamma-ray Space Telescope (formerly GLAST).  
With its large aperture, the LSST is well suited to conducting a Deep Supernova Search in selected areas. 
LSST will also provide a powerful new capability for monitoring periodic variables, such as RR Lyrae stars, 
which can be used to map the Galactic halo and intergalactic space to distances exceeding 400 kpc. 
Since LSST extends time-volume space a thousand times over current surveys, the most interesting 
science may well be the discovery of new classes of objects. 

Exploiting the capabilities of LSST for time domain science requires large area coverage to enhance the 
probability of detecting rare events; time coverage, since light curves are necessary to distinguish 
certain types of variables and in some cases infer their properties (e.g. determining the intrinsic 
luminosity of supernovae Type Ia depends on measurements of their rate of decline); accurate color 
information to assist with the classification of variable objects; good image quality to enable differencing 
of images, especially in crowded fields; and rapid data reduction and classification in order to flag 
interesting objects for spectroscopic and other follow up with separate facilities. Time scales ranging 
from ∼ 1 min (to constrain the properties of fast faint transients such as those recently discovered by 
the Deep Lens Survey) to ∼ 10 years (to study long-period variables and quasars) should be probed over 
a significant fraction of the sky. It should be possible to measure colors of fast transients on timescales 
of a few minutes, and to reach r ∼ 24 in individual visits. Fast reporting of likely transients to the 
community is required in order to facilitate followup observations. 

2.5 Mapping the Milky Way 
The LSST is ideally suited to answering two basic questions about the Milky Way Galaxy:  What is the 
structure and accretion history of the Milky Way? What are the fundamental properties of all the stars 
within 300 pc of the Sun? 

Standard models posit that galaxies form from seeds planted by the Big Bang with accretion over time 
playing a significant role in determining their structure. Detailed study of the Milky Way can provide 
rigorous tests of these ideas, and the LSST will be able to map the 3-D shape and extent of the halo of 
our Galaxy. Specifically, the LSST will detect F turn-off stars to distances of 200 kpc; isolate stellar 
populations according to color; and determine halo kinematics through measurement of proper motions 
at distances exceeding 10 kpc. The LSST dataset can be used to identify streams of stars in the halo that 
are thought to provide a fossil record of discrete accretion events. The LSST in its standard surveying 
mode will be able to detect RR Lyrae variables and classical novae at a distance of 400 kpc and hence 
can explore the extent and structure of our own halo out to half the distance to the Andromeda Galaxy. 
The proper motions and photometric parallaxes for these stars can be used to characterize the 
properties of the dark matter halo in which the Milky Way is embedded. The LSST will survey a 
significant fraction of the Galactic plane, including the Galactic center, and will obtain unprecedented 
data for studies of star-forming regions. 
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Is our solar system with its family of planets unique? Or are there many more that contain Earth-like 
planets within the so-called habitable zone? How do solar systems form? Detailed exploration of our 
local neighborhood is key to answering these questions. The LSST will obtain better than 3σ parallax 
measurements of hydrogen-burning stars to a distance of 300 pc and of brown dwarfs to tens of 
parsecs. These measurements will provide basic information on candidate stars that merit further study 
in the search for companions, including planets. Residuals from the fits for position, proper motions, and 
parallax will be searched for the signature of Keplerian motion to identify stars and brown dwarfs with 
companions and provide fundamental estimates of the mass of the primaries. LSST data will be used to 
determine the initial mass functions for low-mass stars and sub-stellar mass objects and to test models 
of brown dwarf structure. The age of the Galactic disk can be inferred from white dwarf cooling curves. 

Key requirements for mapping the Galaxy are large area coverage; excellent image quality to maximize 
the accuracy of the photometry and astrometry, especially in crowded fields; photometric precision of 
at least 1% to separate main sequence and giant stars; stringent astrometric accuracy to enable parallax 
and proper motion measurements; and dynamic range that allows measurement of astrometric 
standards at least as bright as r = 15. In order to probe the halo out to distances of 100 kpc using large 
numbers of main sequence stars, the total depth (5σ for unresolved sources) has to reach r ∼ 27 
(assuming 5% photometry in the r band at r = 25.5).  To study the metallicity distribution of stars in the 
Sgr tidal stream and other halo substructures at distances out to at least ∼ 40 kpc, the coadded depth in 
the u band has to deliver 5% photometry at u ∼ 24.5. In order to constrain tangential velocity at a 
distance of 10 kpc to within 10 km/s with the most luminous main-sequence stars (low-metallicity blue 
turn-off stars with Mr = 5.5), the proper motion accuracy has to be at least 0.2 mas/yr at r = 20.5 (1σ per 
coordinate).  The same requirement follows from the decision to obtain the same proper motion 
accuracy as Gaia at its faint end (r ∼ 20). The LSST will then represent an “extension” of Gaia astrometric 
measurements to 4 magnitudes greater depth.  In order to produce a complete sample of the solar 
neighborhood stars out to a distance of 300 pc (the thin disk scale height), with 3σ or better geometric 
distances, parallax measurements accurate to 1 mas (1σ) are required for stars with Mr = 15.  To obtain 
3σ or better geometric distances for T9/Y0 brown dwarfs with z − y colors measured with 10σ or better 
precision (in coadded data), parallax measurements for sources detected only in y band visits at 10σ 
significance must have an accuracy of 6 mas (1σ). 

In summary, LSST will enable studies of the distribution of numerous main-sequence stars beyond the 
presumed edge of the Galaxy’s halo, of their metallicity distribution throughout most of the halo, and of 
their kinematics beyond the thick disk/halo boundary, and will obtain direct distance measurements 
below the hydrogen-burning limit for a representative thin-disk sample. 

2.6 Summary of High Level Requirements 
The four science themes place a variety of requirements on LSST, as detailed above.  Somewhat 
surprisingly, these can all be met with a common survey, i.e. a single database that is amenable to a set 
of extremely diverse analyses.  In Table 2-1, we summary these requirements at a high level.  Further 
detail can be found in the LSST Science Requirements Document, which is available at 
http://www.lsst.org/lsst/science/survey_requirements. 
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Table 2-1: LSST survey requirements 
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3 Requirements Flow-Down and Methodology 
Large, complex engineering projects require a formal systems engineering process to define, manage, 
control, and document the technical scope of the work. The design and performance characteristics of 
the LSST Observatory flow directly from the science programs described in Chapter 2. This chapter first 
summarizes the key science requirements that most impact the overall system design followed by the 
systems engineering approach used to flow down the requirements to the design. In addition, the error 
budgets and interfaces that define the system performance and design are summarized.  

3.1 Science-Driven Constraints on the Performance of the LSST System  
The LSST mission is to conduct an efficient, comprehensive astronomical survey where a single dataset 
serves many science programs simultaneously. One can think of this as massively parallel astrophysics. 
The four science topics highlighted in Chapter 2 were selected to drive the design because together they 
impose stringent astrometric, photometric, image quality, and temporal sampling requirements. 
Requirements for other science missions are generally subsets of the requirements from these four 
missions.  

Specifically, the main science derived requirements are:  

1.  The single visit depth should reach r ~24.5. This limit is driven by the NEO survey, the analysis of 
variable sources (e.g., SNe, RR Lyrae stars), and measurements of proper motions and trigonometric 
parallaxes for stars. Indirectly, it is also driven by the requirement on the co-added survey depth and the 
number of exposures required for weak lensing science.  

2.  Image quality should not be degraded by the hardware by more than ~10% from the median 
free-air seeing of 0.65 arcsec in the r band measured at the LSST site. The most stringent constraints on 
image quality are imposed by weak lensing science, but good image quality is also necessary to meet the 
requirements on survey depth for point sources and for image differencing techniques.  
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3.  Photometric repeatability should achieve 5 mmag precision at the bright end, with zero point 
stability across the sky of 10 mmag and band-to-band calibration errors not larger than 5 mmag. These 
limits are required to achieve accuracy in photometric redshifts, separation of stellar populations, 
detection of low-amplitude variable objects, and the search for systematic effects in Type Ia supernova 
light curves.  

4.  Astrometric precision should maintain the limit set by the atmosphere of a ~10 mas per visit at 
the bright end (on scales below 20 arcmin). This precision is driven by the desire to achieve a proper 
motion accuracy of 0.2 mas/yr and parallax accuracy of 1.0 mas over the course of a 10-year survey.  

5.  The duration of a single visit, divided into two exposures for cosmic ray rejection, should be less 
than about one minute to prevent trailing of fast moving objects and to aid in the control of various 
systematic effects induced by the atmosphere. A single visit should be longer than -20 seconds to avoid 
significant efficiency losses due to finite readout, slew time, and read noise.  

6.  The filter complement should include at least six filters in the wavelength range limited by 
atmospheric absorption and silicon detection efficiency (320-1050 nm), with roughly rectangular filter 
passbands and no large gaps in the coverage, in order to enable robust and accurate photometric 
redshifts and stellar typing. An SDSS-like u band is extremely important for separating low-redshift 
quasars from hot stars and for estimating the metallicities of F/G main sequence stars. A bandpass with 
an effective wavelength of about 1 μm will enable studies of sub-stellar objects, high-redshift quasars 
(to redshifts of ~7.5), and regions of the Galaxy that are obscured by interstellar dust.  

7. The revisit time distribution should enable the determination of orbits of solar system objects and 
sample supernova light curves every few days, while accommodating constraints set by proper motion 
and trigonometric parallax measurements.  

8. The total number of visits for any given area of sky, when accounting for all filters, should be ~825, as 
mandated by weak-lensing science, the NEO survey, and proper motion and trigonometric parallax 
measurements. Studies of transient sources also benefit from a larger number of visits and a wide range 
of revisit intervals from minutes to years.  

9. The co-added survey depth should reach r ~27.5, with sufficient signal-to noise ratio in other bands to 
address both extragalactic and Milky Way science drivers.  

10.  The distribution of visits per filter should enable accurate photometric redshifts, separation of 
stellar populations, and sufficient depth to enable detection of faint extremely red sources (e. g., brown 
dwarfs and high-redshift quasars). Detailed simulations suggest an approximately flat distribution of 
visits among bandpasses but with a slight preference given to the r and i bands because of their 
dominant role in star-galaxy separation and weak lensing measurements.  

11.  The distribution of visits on the sky should extend over at least ~18,000 deg2 to obtain the 
required number of galaxies for weak lensing studies. Special regions, such as the ecliptic, Galactic 
plane, and the Large and Small Magellanic Clouds should be included.  
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12.  Data processing, data products, and data access should enable efficient science analysis without 
a significant impact on the final measurement uncertainties. To enable a fast and efficient response to 
transient sources, the processing latency should be less than a minute, with a preliminary classification 
of reported transients. All data products should be made available promptly for open access, and the 
data processing software should be open source.  

3.2 System Engineering Tools and Methodology 
The LSST Project uses a Model Based Systems Engineering (MBSE; Friedenthal 2008, Weilkiens 2008) 
process to flow down all system and subsystem level requirements. The top level of the flow-down 
process is an enumeration of the Science Requirements Document. The LSST Project uses the Systems 
Modeling Language (SysML, OMG 2008) to implement MBSE in its System Architecture model (Claver et 
al. 2010). This System Architecture Model forms a database that captures and traces requirements, 
behavior, and design elements along with their interfaces. The LSST Project uses this model to define, 
manage, control, and document the technical content of the project. The Project uses documents (e.g. 
requirements and ICDs) automatically generated from the model as the readable form of the model 
contents, as well as SysML requirements files. 

The Camera Project uses SysML requirements generated from the System Architecture model as the 
inputs for the Camera Requirements documents. Requirements are captured in a spreadsheet-based 
system, in which each requirement’s lineage and verification methods are recorded. 

3.3 System Requirements Flow-Down and Traceability 
The LSST Project has developed a requirements flow down hierarchy (Figure 3-1) with the LSST Science 
Requirements Document (SRD) at the top. Each box in the figure represents a specific part within the 
requirements view of the System Architecture Model that cleanly maps into one or more documents for 
review and control.  
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Figure 3-1: LSST requirements flow-down hierarchy, showing flow-down from SRD to Camera subsystem 
specifications 

Within the flow-down hierarchy, additional top level functional requirements have been derived that 
provide a high level description of what the LSST is and must do. These in turn have been used to derive 
the Observatory System Specifications as refined by Operational Use Cases and Definitions, which are 
satisfied by the overall system architecture. These three parts of the System Architecture Model provide 
the highest level description of how the LSST will meet its functional and performance requirements and 
serve as the foundation from which all subsystems derive their requirements.  

3.3.1 Science Requirements Document (SRD)  
The primary science-derived requirements are specified in the SRD. This document is controlled at the 
project level and has been approved by the LSST Board of Directors. The SRD also enumerates the 
acceptable bounds for the performance of the LSST survey by providing minimum, design, and stretch 
goal values for each of the key survey performance parameters. The Project has used the design value in 
flowing down requirements. The stretch goal is meant to keep some pressure on the engineering efforts 
without having an adverse impact on the budget and schedule. The minimum value is used to ensure 
that the science goals of the project are protected. In the event that it is shown that any of the minimum 
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performance specifications cannot be met, a project level internal review is triggered to determine a 
course of action. To date, it has not been necessary to alter any of the minimum performance values 
defined in the SRD.  

3.3.2 LSST System Requirements Document (LSR)  
The LSST System Requirements document (LSR) contains 98 requirements that specify the design point 
for the LSST survey performance parameters, high-level functional requirements, and overall system 
configuration parameters. The survey design point in the LSR satisfies the survey performance 
specifications in the SRD but, where the SRD specifies an allowed range of performance, the LSR 
specifies a single value within this range as the design point. In nearly all cases the SRD design value has 
been adopted as the design point in the LSR.  

The LSR establishes the top level technical definition of the LSST. For example, the requirements for the 
optical configuration and its top level performance are given in Table 3-1. The LSR also includes the high 
level functional requirements needed for conducting the survey and distributing survey data products to 
the community.  

3.3.3 Observatory System Specifications Document (OSS)  
The requirements and specifications in the Observatory System Specifications document (OSS) provide 
the bridge between the SRD and LSR and the detailed requirements for each subsystem. The OSS 
enumerates 330 functional and performance requirements and 440 quantitative specifications or 
constraints. Key requirements from the OSS are given in Table 3-2. Within the OSS these requirements 
have been organized into 8 topics:  

1.  The site-specific composition and constraints, including the Summit Facility on Cerro Pachon, 
the Base Facility in La Serena, Chile, the Archive Site at NCSA, and a Headquarters Facility located in 
Tucson, Arizona  

2.  Common system functions that define survey scheduling, system control, monitoring and 
diagnostics, maintenance, availability, and system standards  

3.  Science and bulk data products, performance, and sizing  

4.  The optical system design specifications, alignment and compensation, stray and scattered light, 
and image quality  

5.  Optical throughput efficiency, including the filter definitions, and the 10-year integrated 
throughput  

6.  Camera specific system functions and performance specifications  

7.  Photometric calibration specifications for data products, processing, and performance  

8.  System-wide timing and dynamic requirements  
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3.3.4 Subsystem and OCS Requirements  
Each of the subsystems has its own detailed requirements which flow from the OSS, the overall system 
architecture, and the operational use cases. 

For context, the following tables list the primary driving requirements for the three major non-Camera 
LSST subsystems and the OCS. The table of key driving requirements for the Camera is presented in 
Section 3.4, and the full set of Camera requirements and error budgets is discussed therein. 

Table 3-1: Specifications for the optical configuration of the LSST derived from the SRD 

 

Parameter Requirement Notes / Rationale 
Optical design class 3-mirror anastigmat The anastigmat design is required to control  

PSF shape for weak lensing studies. 
Effective Aperture ≥ 6.5 m The equivalent on-axis filled aperture with  

33.2 square meters of collecting area. 

Field of View ≥ 3.5 deg The diameter of the FOV, providing 9.6 sq.  
deg of sky coverage. 

Recorded Etendue ≥ 300 m 2 deg 2 Derived primarily from the survey area and  
site characteristics; affects the optical design  
and focal plane filling efficiency. 

Spectral Coverage 320-1050 nm The width of the usable system response. 
Atmospheric dispersion  
correction 

None The survey area is covered while observing  
above an airmass of X=1.4. 

System Image quality  < 0.4 arcsec The RSS contribution from the Telescope  
and Camera to the atmospheric seeing. 
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Table 3-2: Key requirements from the Observatory System Specifications 

 

Table 3-3: Driving Telescope subsystem requirements 

 

Parameter Notes / Rationale

System Response:

u g r i z y
Filter blue side wavelength (nm) 321 402 552 691 818 930 The filter pass band blue cutoff at 50% 

relative response.

Filter red side wavelength (nm) 391 552 691 818 922 - The filter pass band red cutoff at 50% 
relative response.

Total system throughput 
efficiency (%)

21.7 44.0 50.0 39.2 30.8 6.4 The minimum band average throuput 
efficiencies required to meet SRD 
limiting magnitudes.

System Timing:
Standard Visit Duration Cadence needed by number of visits 

in the survey.
Time between visits Cadence needed by number of visits 

in the survey.
Time to change an internal filter Observing efficiency and cadence

Time to swap one filter Operation efficiency and daily 
calibration needs

Usable weather fraction Fraction of nights that survey 
observations can be made.

System down time Includes both scheduled and 
unscheduled down time.

Data Sizing:
Total number of visits

Exposure count These include science, calibration, 
and engineering exposures.

Galaxy Counts

Star Counts

Alerts per night

Ave. = 8.0x109 Max. = 1.5x1010

1960 / night(ave) 600000 / year

>2500000

Requirement

≤34 sec

Median = 5 sec. Average = 10 sec.

≤120 sec.

>85%

<10%

≤3 hours

Ave. = 1.0x106 Max. = 1.0x107

Ave. = 1.8x1010 Max. = 3.0x1010

Parameter Notes / Rationale

Image budget allocation System image quality

Active Optics System settle time Observing efficiency

Mount Dynamics:
Pointing accuracy Observing efficiency

Azimuth performance

Elevation performance

Range ±270 deg in az. and 15 - 86.5 deg in el.
First eigenmode frequency Stability and settling time
Dome Dynamics:
Azimuth performance

Elevation performance

Camera Mount:
Camera support

Camera access On telescope access for efficient maintenance.

Requirement

0.24 arcsec

<2 arcsec RMS

accel. =10.5 deg s-2

accel. = 5.25 deg s-2 vel. = 5.25 deg s-1

5 degrees of freedom positioning and rotator tracking that can support the 3000kg 
camera

<3 sec.

>8 Hz

vel. = 10.5 deg s-1 Slew and settle in 5sec for a 3.5deg 
motion on sky at a zenith angle of 
30degrees

vel. = 3.5 deg s-1 Follow mount pointing within 1m 
entrance apertureaccel. = 0.875 deg s- vel. = 1.75 deg s-1

accel. = 1.75 deg s-2
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Table 3-4: Driving Data Management System requirements 

 

Parameter Requirement Notes / Rationale
Open Access / Open 
Source

Provide open access to all data products 
and metadata as soon as available, as 
well as all data processing software.

A core principle of the project.  Limits the 
use of proprietary solutions.

Processing and Data 
Quality Requirements

Extensive list of data products to be 
generated, including analysis of transient 
and deep-stack data.  Stringent data 
quality requirements on photometry, 
astrometry, and shape measurement.  
Requires >400TFlops by end of survey.

Weak lensing and other core science 
programs require unprecedented 
uniformity and control of systematic 
uncertainties, at levels for which adequate 
algorithms do not yet exist.

User Processing and 
Data Product Support

The system must support user-driven 
processing on the image and catalog data 
products, and support the creation and 
federation of user data products.

Even relatively simple analyses will 
involve an amount of data and computing 
exceeding typical local resources.  Thus 
processing must move close to the data.  

Alert Latency <60 seconds after last exposure of visit. Leads to parallel pipelines that overlap 
the processing multiple visits.

Raw Image Sizing:
Nightly exposures >2200 per night max Worst case for a winter night with special 

programs.
Nightly Data volume >16.7 Tbytes per 24 hours
Total Science Exposures > 5,000,000 over 10 years
Total Image Data Volume ~40 Petabytes Includes science and calibration images.

Transfer rates  >17 TB/night of raw data and metadata 
from the summit.

Includes transfers to Base and Archive 
Centers.  Requires dedicated protected 
networks.

Catalog and Query 
Sizing:

Catalogs of unprecedented size must 
support a wide range of queries, with a 
load estimated from current surveys and 
the expected LSST science.

Catalog Size Drivers O(103) observations each of O(1010) 
objects

Yearly Catalog Growth >4 Petabytes / year
Responsible Curation Maintain the integrity of archived raw and 

processed data for the lifetime of the 
survey and its analysis.  Maintain 
provenance for all data products, allowing 
recreation of any data product.

Requires a significant investment in 
reliable and redundant storage systems.  
Maintenance of usable provenance data 
affects many parts of the application and 
production framework design.

Fault-Tolerance Must be resilient to expected failures in 
networking, computing resources, and 
short- and long-term storage systems.

Requires combination of flexibility and 
redundancy to allow transparent 
reassignment in the face of failures.

Overarching Drivers:
Technology Evolution Adapting the Data Management System to 

hardware/software generation that 
changes on 3-4 year timescale over the 
10-year survey period.

Requires decoupling of hardware from 
application software with a middleware 
layer.  Drives hardware architecture and 
acquisition plans.

Science Evolution Over the 10-year survey, community 
science priorities will change and 
influence the algorithms and data 
products required.

Requires the design to implement broad  
based general purpose and extensible 
application framework.

Requires a highly distributed database 
facility, including database management 
and query parallelization tools that are not 
currently available outside the project.  
LSST requirements are driving new 
developments in database software and 
architectures.
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Table 3-5: Driving Observatory Control System requirements 

 

3.4 Camera Requirements and Budgets 

3.4.1 The Camera Requirements and Camera Specification Documents 
As shown in Figure 3-1 above, Camera requirements flow down from the SRD, with the OSS being the 
Camera’s direct predecessor. Camera Systems Engineering, like the other LSST SE teams, follows current 
practices to establish that Camera requirement are correctly derived (validatable), define who is 
responsible for meeting a requirement (separable), and determine how/when a requirement is verified 
to be met (verifiable). 

The Camera’s key driving requirements are summarized in Table 3-6. 

Parameter Notes / Rationale

System Control:
System orchestration The term observation includes science, 

calibration and engineering observations.

Supervisory Control The command exchanges are the most 
flexible and optimum way of exerting control in 
distributed systems.

Control latency Derived system timing and sequencing  
requirements.

Survey Execution:
Schedule Survey Optimization will be done over multiple 

science programs and present observing 
conditions.

Monitor Survey Reports shall be automatically generated, 
tables and plots. 

Adjust Survey 
Parameters

This is envisioned as a post analysis 
capability, performed regularly by the survey 
scientists.

Engineering & Facility 
Database:
Engineering & Facility 
Database

This data shall be persisted, and with an 
interface available for accessing it through 
queries.

Telemetry Bandwidth This telemetry also contributes to the meta-
data needed for the processing of the science 
data.

Daily Telemetry Volume
Maintenance:
Support Maintenance The LSST performance parameters must be 

maintained with preventive maintenance such 
that non-scheduled downtime is <6%.

Requirement

Orchestrate the activities of the observatory 
subsystems to safely perform 
observations.

Send high level commanding messages 
to the subsystems to sequence all 
activities need to perform the survey.

<1 mili-second

>40 Gbytes per day

The OCS shall support the maintenance of 
the observatory, coordinating routine 
maintenance operations and providing 

Optimize the scheduling a minimum of 2.5 
million science visits during a period of 10-
years.

Continuously monitor the survey using 
adaptable metrics for the progress of each 
science program.
Provide the means to adapt the survey 
scheduling to evolving science priorities 
amd adjustment of survey parameters.

The OCS shall capture, organize, and store 
system-wide telemetry and state 
information.
 >8 Mbps (average)
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Table 3-6:  Driving requirements on the Camera 

 

All Observatory-level requirements flow down or are allocated out to requirements that show up in the 
Camera Specification. Camera subsystem requirements are derived only from those in the Camera 
Specification. All external interface agreements/ requirements are identified in the Camera 
Specification. 

While the great majority of Camera requirements flow down via the SRD-LSR-OSS hierarchy, certain 
reliability, integration and test, environmental, and contamination controls requirements are imposed 
by Camera subsystem constraints and process plans, as illustrated in Figure 3-2. 

Parameter Notes / Rationale 

Image budget allocation Includes all optics, focal pane  
flatness, and sensor charge diffusion 

Focal Plane Flatness Derived from image budget 
Charge Diffusion Derived from image budget 
Mass properties 
Total mass 

Affects frequency response of 
telescope 

Moments of Inertia about CG Affects requirements on rotator and  
hexpod support 

Camera Timing: 
Sensor Readout ≤ 2 seconds for 3 gigapixel readout Derived from cadence timing  

requirement 
Internal filter change 30 sec. of the 120 sec. system rqmt. is  

allocated to the rotator on the  
telescope for repositioning the  
camera. 

Shutter Timing Derived from photometric budget.   
Requirement on error of knowledge of  
exposure time over full FOV. 

Camera Throughput  u g r i z y 
Total camera allocation (%) 30.7 60.7 70.1 61.0 48.5 10.1 

Camera throughput averaged over  
each filter band, 

Sensor QE (%) 41.0 78.0 88.5 82.0 75.0 13.5 Derived from camera allocation; 

Requirement 

0.30 arcsec. 

±15 microns 
PSF spread < 3.2microns rms 

 
MOI x , MOI y  ≤3500 kgm 2 ; MOI z  ≤1000 kgm 2 

<5 msec 

≤ 3000 kg 

<90 seconds 

detector QE minus contamination 

Affects throughput stability; derived  

and condensation. 

Sensor Temp stability +/- 0.25 ºC over 12 hours from photometric budget. 
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Figure 3-2: Camera and Camera subsystem specification tree, showing sources of requirements outside the 
flow-down from the SRD 

Quantitative analyses of requirements and expected Camera performance are conducted using 
simulations and engineering analysis tools. In addition, the Camera project maintains associated error 
budgets and allocation tables to quantify performance at all system levels. Bottom-up error budgets and 
performance analyses confirm (i.e., validate) that performance requirements are met by the design.  

The remainder of this section lists the Camera requirements and their flow-down to Camera 
subsystems, and discusses Camera allocations and budgets. 

3.4.2 Image Quality 
The Camera design must minimize distortions to the image point spread function. Per the formal 
requirements, the maximum delivered image quality error for the Camera shall be less than 0.30 arc-
seconds FWHM. This is the total image quality error allocation to the Camera, from all sources: optics 
(glass homogeneity and optical figure); the optical assembly (tip, tilt and decenter); distortions imposed 
by gravity and by thermal, pressure, and vibration effects; and, the detector plane assembly (charge 
diffusion, flatness, pixel pitch variations). 

Image quality requirements flow down to subsystems as shown in Table 3-7. 
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Table 3-7: Flow-Down of Image Quality Requirements to Camera Subsystems 

Camera Subsystem Error Contribution to Control 

Optics Assembly, fabrication, deformations and deflections 
(precompensation needed for pressure) 

Science Rafts Charge diffusion, flatness 
Cryostat Grid flatness and distortion, body stiffness and allowed 

deflections 
Camera Body and Mechanisms Stiffness and allowed deflections, internal pressure 

Table 3-8: Camera Image Quality Requirements 

Rec No Title Requirement Discussion 
C-047 I.Q. error due to 

detector plane 
manufacturing, 
assembly errors  

Maximum image quality error 
due to detector plane 
manufacturing and assembly 
errors = 0.271 arc-seconds 

 

C-048 I.Q. error due to 
gravity-induced motion  

Maximum image quality error 
due to gravity-induced motion = 
0.061 arc-seconds 

 

C-049 I.Q. error due to optical 
fab errors  

Maximum image quality error 
due to optical fabrication errors = 
0.055 arc-seconds 

 

C-050 I.Q. error due to 
pressure-induced 
motions  

Maximum image quality error 
due to pressure-induced motions 
= 0.034 arc-seconds 

 

C-051 I.Q. error due to 
thermally-induced 
motions  

Maximum image quality error 
due to thermally-induced 
motions = 0.039 arc-seconds 

 

C-052 I.Q. error due to 
vibration  

Maximum image quality error 
due to all sources of vibration = 
0.061 arc-seconds 

 

C-053 Optical integration and 
alignment error  

Maximum image quality error 
due to optical integration and 
alignment errors = 0.058 arc-
seconds 

 

3.4.2.1 Image Quality Budget and Allocations 
Analysis has yielded a bottom-up image quality error budget (see Document LCA-17). The bottom-up 
estimate of 0.285 arc-seconds FWHM is consistent with requirements specified in the OSS. 

Table 3-9 below lists the top 5 sources of error. 

Table 3-9: Top 5 Camera Sources of Image Quality Error 

Error Source Estimated Error Size 

CCD Charge Diffusion 0.259 FWHM arc-seconds (0.267 alloc) 
Gravity-induced 0.055 FWHM arc-seconds (0.061 alloc) 
Vibration 0.053 FWHM arc-sec (0.061 alloc) 
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Optical Fabrication 0.045 FWHM arc-sec (0.055 alloc) 
Focal Plane Flatness 0.028 FWHM arc-sec (0.031 alloc) 

Charge diffusion in the CCDs is the largest contributor to image quality error. In a thick, back-illuminated 
silicon sensor, charge generated by photon absorption near the entrance surface must be transported to 
the electrode side of the sensor for collection. In the time taken to move to the electrode side, the 
charge will experience lateral diffusion, increasing the effective image size. Thinner devices have a 
smaller point spread function, at the expense of quantum efficiency; the current design specifies a 
sensor thickness that strikes a balance between image quality and quantum efficiency. 

Two primary structural loads impact image quality: gravity loads and vibration loads. Gravity loads cause 
optical elements to physically move with respect to the focal plane and induce stresses in optical 
elements, which affect the index of refraction in the fused silica. Figure 3-3 illustrates the stress points 
on L1, L2, and L3. Movement of optical elements is estimated to contribute 0.054 FWHM arc-seconds 
against the budget, while stress on the optical elements is expected to contribute 0.053 FWHM arc-
seconds. Vibration loads from re-pointing motions or from internal sources result in image blur, with 
contributions of 0.009 FWHM arc-seconds and 0.053 FWHM arc-seconds, respectively. 

 

Figure 3-3: Gravity-Induced Structural Stresses on L1, L2, and L3 That Contribute to Image Quality Error 

Variations in the optical surface figure are the next major contributor to error. Current designs specify 
an allowed 0.20λ peak to valley (P-V) variation on L1/L2, 0.25 λ P-V on filters, and 0.70 λ P-V on L3. 
Analysis shows these variations yield a total 0.045 FWHM arc-sec error. 

Finally, variations in focal plane flatness are revealed to be the least significant contributor of the top 
five. Note that the flatness analysis does not include defocus terms, since these belong to active optics 
compensation or wavefront sensing feedback error budgets. The most important term for focal plane 
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non-flatness originates from the baseline flatness specification for the Science Raft; allowed variations in 
the rafts contribute 39 milliarcsec toward the image quality error budget, and include various as-
delivered, assembly, dynamical and thermal terms. Other static, dynamical and thermal terms related to 
non-flatness at the level of the focal plane array amount to 13 milliarcsec against the budget. 

3.4.3 Throughput 
Throughput is defined as efficiency in capturing photons. The requirements are separated into optical 
throughput, effective area and downtime components. 

Optical throughput requirements address losses as light travels through the Camera and the ability of 
the CCD to utilize that light. The bottoms up budget (LCA-18) for optical throughput defines losses due 
to contamination (dust and condensation; flows down broadly to a Camera contamination control plan), 
optics (glass clarity, anti-reflective coatings, filter throughput; these flow down to the Optics subsystem), 
and sensor quantum efficiency (flows down to the Science Rafts).  

Effective area throughput requirements pertain to the active sensors on the detector plane. The total 
diameter covered is 634.17 mm, which is equivalent to the diameter of a 3.5º circle on the sky. With the 
total area covered, fill factor must be > 90%. Within the 3.5º circle that is active, fill factor must be > 
85%. These requirements flow down to the Science Rafts (which define the efficiency of CCD placement) 
and Cryostat (which defines the spacing between rafts). 

Finally, downtime requirements relate to the fraction of the time the Camera is not operational 
(planned and unplanned) and fraction of Camera that is not operating to specification. General 
downtime requirements flow down to the reliability and maintainability of several subsystems. 
Downtime from dead detector pixels/amplifiers flow down to the Science Raft. 

A throughput budget analysis is presented in 3.4.3.1 below. 

Table 3-10: Camera Throughput Optical Requirements 

Rec No Title Requirement Discussion 
C-019 Camera optical 

throughput 
The minimum camera optical 
throughput shall be as defined the 
following requirements for each 
filter bandpass 

These values are the 
minimum allowed 
throughput for each 
filter band at its center 
wavelength, defined as 
the average of the blue 
and red wavelengths at 
full-width half-
maximum 

C-162 Camera g-band 
throughput 

The mean camera optical 
throughput in the g-band shall be 
greater than 60.7% 

defined at the center 
wavelength, defined as 
the average of the blue 
and red wavelengths at 
full-width half-
maximum 
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C-163 Camera i-band 
throughput 

The mean camera optical 
throughput in the i-band shall be 
greater than 61 % 

defined at the center 
wavelength, defined as 
the average of the blue 
and red wavelengths at 
full-width half-
maximum 

C-164 Camera r-band 
throughput 

The mean camera optical 
throughput in the r-band shall be 
greater than 70.1 % 

defined at the center 
wavelength, defined as 
the average of the blue 
and red wavelengths at 
full-width half-
maximum 

C-165 Camera u-band 
throughput 

The mean camera optical 
throughput in the u-band shall be 
greater than 30.7% 

defined at the center 
wavelength, defined as 
the average of the blue 
and red wavelengths at 
full-width half-
maximum 

C-166 Camera y-band 
throughput 

The mean camera optical 
throughput in the y-band shall be 
greater than 10.1 % 

defined at the center 
wavelength, defined as 
the average of the blue 
and red wavelengths at 
full-width half-
maximum 

C-167 Camera z-band 
throughput 

The mean camera optical 
throughput in the z-band shall be 
greater than 48.5 % 

defined at the center 
wavelength, defined as 
the average of the blue 
and red wavelengths at 
full-width half-
maximum 

Table 3-11: Camera Throughput Effective Area Requirements 

Rec No Title Requirement Discussion 
C-238 Detector plane central 

fill factor 
The CCD device fill factor within the 
central circle (diameter of 634.17 
mm) shall be at least 85 percent. 

The central  area is 
defined as a circle 
with the center at the 
geometric center of 
the detector plane 

C-239 Detector plane fill 
factor 

The fill factor of active pixels in the 
area covered by science grade 
imaging devices shall be at least 90 
percent 

 

Table 3-12: Camera Throughput Downtime Requirements 

Rec No Title Requirement Discussion 
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C-170 Detector plane 
allowable dead pixels 

The maximum percent of pixels on 
the detector plane within the 
central circle (diameter of 634.17 
mm)  that do not meet their 
requirements shall be less than 2% 
at delivery, with an additional loss 
of no more than 2% averaged over 
the 10-year survey lifetime 

This includes pixels in 
otherwise live 
detectors that do not 
meet spec, and 
includes dead pixels, 
hot pixels, dead 
columns, and dead 
segments/amplifiers.  
It does not include 
pixels or parts of 
detectors that are off 
or not functioning due 
to problems with 
read-out electronics 

C-133 Camera unplanned 
downtime 

the camera shall contribute no 
more than [TBD] days of 
observatory downtime due to 
unplanned camera failures or 
unplanned maintenance 
requirements 

 

C-205 Camera planned 
downtime 

the camera shall contribute no 
more than 7 days of observatory 
downtime due to maintenance 
requirements 

 

3.4.3.1 Throughput Budget and Allocations 
The Observatory System Specification (OSS) flows down two sets of allocations from the required Total 
Optical Throughput (OSS_REQ-0247): the Telescope Throughput Allocation (OSS-REQ-0254) and the 
Camera Throughput Allocation (OSS-REQ-0255).  Allocations are provided for each filter band, and are 
given in Table 3-13. 

Table 3-13: The Camera throughput allocations (OSS-REQ-0255). 

 u band g band r band i band z band y4 band 
Camera 
Throughput 
Allocation 

0.307 0.607 0.701 0.610 0.485 0.101 

The total optical throughputs, at the system level, are based on achieving the required statistics for 5-σ 
limiting magnitude depths (per visit; m5) in each band are called out in the LSST System Requirement 
(LSR). These were computed using a standard sensitivity calculator (SNR v1.2), which combines 
photometric observing conditions (for sky background and image quality), telescope geometric area, 
nominal per-pixel end-to-end noise sources, an atmospheric transmission function and an assumed 
slope of the instrumental throughput with respect to wavelength. The r band total optical throughput is 
an exception: it was reduced by 20% from 0.626 to 0.500 because the LSR r band m5 requirement was 
deemed unrealistic. 
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Given the Camera throughput allocations (OSS-REQ-0255), the Camera subsystem can internally trade 
allocations between the Camera corrector optics, the filters and the sensors.  Early work on a Camera 
throughput error budget (CTEB; LCA-18) provided guidance for what throughput was realistically 
achievable in the way of the Camera optics, whereas the sensor QE curve is largely driven by properties 
of the antireflective coating deposited on the sensor window.  A quantitative comparison of the top-
down against the bottoms-up budgets, revealed that a different overall shape for the sensor QE curve is 
necessary to meet Camera subsystem requirements.  Table 3-14 provides the adopted division of the 
Camera throughput allocation into the Camera optics bottoms-up throughput estimate, the sensor QE 
requirement and a small margin held at the subsystem level. This division is explained in detail in the 
current version of the CTEB, LCA-18, and includes throughput reduction by the optical surfaces in the 
optical chain, vendor-informed realistic estimates for throughput by the filters, beginning-of-life and 
secular degradation terms of all optical interfaces, and estimates for environment-dependent 
particulate and condensate contamination effects of all treated surfaces.  Small margins are held for 
each estimate, and are implicitly held by the vendor in all vendor informed values.  Subsystem level 
margins were chosen as a buffer so that sensor requirements would be relatively unaffected by small 
ongoing changes at the system level. A rollup of the CTEB is given in Table 3-15. 

Table 3-14: A rollup of major terms in the Camera Throughput Error Budget, LCA-18. These terms are divided up slightly 
differently to yield the Sensor Requirements, given in Table 3-15. 

term \ 
band 

u g r i z y4 

Camera 
Allocation 

0.307 0.607 0.701 0.610 0.485 0.101 

Margin 
(relative, 
subsystem) 

2.1% 1.2% 0.2% 4.7% 20.7% 4.4% 

Camera 
Total 
Bottom's-
Up 

0.313 0.614 0.703 0.639 0.585 0.105 

Lens L1 0.951 0.951 0.948 0.944 0.947 0.941 
Lens L2 0.943 0.943 0.940 0.938 0.940 0.937 
Lens L3 0.947 0.946 0.944 0.941 0.944 0.940 
Filter 0.910 0.939 0.954 0.944 0.939 0.952 
Detectors 0.406 0.772 0.876 0.811 0.742 0.134 

Table 3-15: Sample derivation of sensor requirements within the Camera subsystem. The Camera optics terms carry the 
product of the CTEB values, but exclude the Sensor QE values themselves. For example, contamination terms at the sensor 
level have been included in the “Camera optics” entries here. 

 u band g band r band i band z band y4 band 
Camera 
allocation: 

      

OSS-REQ-
0255 

0.307 0.607 0.701 0.610 0.485 0.101 
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 u band g band r band i band z band y4 band 
CTEB terms 
(exclusive of 
sensor QE) 

0.764 0.788 0.794 0.779 0.781 0.781 

Sensor QE 
requirement 

0.410 0.780 0.885 0.820 0.750 0.135 

Margin 0.021 0.012 0.002 0.047 0.207 0.044 
Cursory modeling of possible broad-band antireflection coatings applied to nominal LSST sensors reveal 
that these band-averaged, nominal sensor requirement numbers are achievable in all bands and with 
significant margin in most bands. Figure 3-4 below displays four such sensor QE model curves, compared 
against the tabulated requirements given in Table 3-15.  These models include two (0nm and 6nm) Si 
dead layer thicknesses under an antireflective coating, which here consists of a single, thin layer of 
hafnia (HfO2), with a silica (SiO2) “final medium” in the stack.  In this comparison, hafnia thicknesses 
between 56 and 62 nm simultaneously meet or exceed the requirements for the 6nm thick dead Si layer. 
A wider range of hafnia thickness is allowed in the case of the zero dead layer thickness. 

We also have vendor-provided sensor QE curves that exceed all requirements. Two of four curves meet 
or exceed all requirements, and this evidently does not affect vendor performance: Each vendor 
provided one of the “passing” curves. These are shown in Figure 3-5 below. 

In summary, the sensor requirements appear to be reasonably achievable given the best information 
available. Meeting these will enable satisfying the subsystem allocations. The small margin held at the 
subsystem level is reserved and will probably be partially spent on upcoming changes in the way the 
system level throughput allocation is calculated. 

Additional requirements and specifications on the variation in m5 depth across the telescope’s field of 
view (LSR-REQ-0089; LSR-REQ-0109; OSS-REQ-0256) have been mapped into permissible QE variations 
from sensor to sensor, but this is beyond the scope of this section. 
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Figure 3-4: Sample sensor QE models that meet sensor requirements in all LSST bands. The “sensor 
requirements” are taken from the numbers listed above. The on-axis LSST beam was used as the illumination 
model. Depending on the assumed thickness of the dead Si layer, we find a range of AR coating layer 
thickness give quantum efficiencies that simultaneously meet or exceed the requirements.  
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Figure 3-5: Sample vendor-provided sensor QE curves that meet sensor requirements in all LSST bands. 
Each vendor provided at least one curve that exceeds Camera sensor requirements. These are plotted using 
solid lines. Curves that miss at least one requirement are plotted using dotted lines. Note that the 
requirements are distinct (and defined differently) from the sensor specifications (which were in turn passed 
to vendors as challenges to meet). The piecewise linear curves show where the vendor data were provided. 
The values are evidently a combination of measured data and model calculations. 

 

References: 

Observatory System Specifications (OSS), LSE-30 

LSST System Requirement (LSR), LSE-29 

The LSST Photon Rates and SNR Calculations (SNR v1.2), Document-8857 

SRD Throughput Analysis, Collection-1777 

Camera Throughput Error Budget (CTEB), LCA-18 

3.4.4 Noise 
Per the requirement, the electronic noise from the Camera shall contribute no more than 10 electrons 
to each pixel in the data from the science sensor array. This top level noise budget includes all sources 
internal to the Camera system that contribute to the base noise in each pixel, including readout noise, 
residual noise from dark current, additional noise in the electronics, etc. 
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A bottoms up budget has been generated (LCA-32) and is consistent with the allocation. 

Noise requirements flow down to the Science Raft, the designs for which must control contributions 
from dark current, sensor output amplifiers, and other electronics noise. 

Table 3-16: Camera electronic noise requirements 

Rec No Title Requirement Discussion 
C-036 Camera electronic 

noise 
The electronic noise from the LSST 
Camera system shall contribute no 
more than 7.1 electrons per 
exposure to each pixel in the data 
from the science sensor array 

This top level noise 
budget includes all 
sources internal to the 
camera system that 
contribute to the base 
noise in each pixel, 
including readout 
noise, residual noise 
from dark current, 
additional noise in the 
electronics, etc... 

3.4.4.1 Noise Budget and Allocations 
The Camera noise budget is specified in the OSS as 10 electrons rms for a visit – i.e. two 15 second 
exposures. That works out to a 7 electron budget per exposure. This budget is then allocated at the 
Camera level to the following expected noise sources: 

• Shot noise from sensor dark current 

• Sensor output amplifier noise 

• Noise from the front end electronics (the ASPIC chip) 

• Contributions from the back end board – the differential receiver noise plus ADC noise 

• Contributions from system wide coherent pickup caused by some nearby aggressor object 

Dark current is quite low – at -100 ºC the prototype (study contract) sensors have been measured, as 
shown in Figure 3-6 below, to give dark currents well under 1 electron/sec for >99% of the pixels.  Note 
that the study contract sensors had 13.5 μm pixels and so the current must be adjusted for pixel area as 
shown in the following formula. 

  

where T is given in ºC. 

This gives, for three different temperatures, -120 ºC, -100 ºC, and -80 ºC, the values shown in the 
following table. 

I T ( ) 80 e 
0.062 T ⋅ 

⋅ := 
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Table 3-17: Dark current, adjusted for pixel area, at Three Different Temperature 

  -120 ºC   -100 ºC   -80 ºC  Units 
Dark current (99th 
percentile) 

0.046 0.158 0.55 e/pixel/s 

Dark current shot 
noise (15 sec exp) 

0.83 1.54 2.87 Electrons 

 

Figure 3-6: Plot of  dark current versus temperature, showing percentage of pixels within threshold 

Sensor output amplifier noise depends upon the structure of the output FET (or FETs) and the 
conversion factor achieved by a vendor. The noise estimated by one of the vendors is shown in Figure 3-
7 as a function of readout frequency. 
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Figure 3-7: Plot of Amplifier Noise as a Function of Readout Frequency 

In order to reach the specified 2 second per exposure readout rate for the whole focal plane, the pixel 
readout rate must be about 550 kHz. From the figure one can read off an expected noise value of about 
4.7 electrons rms. 

A number of copies of the present prototype version of the ASPIC (ASPIC2) have been measured to 
contribute 1.8 e- at operating temperature.  

The previous version back end has been measured to contribute 2.25 electrons but the newer version 
uses a significantly better ADC and so we estimate 2.0 e-. 

System pickup can only be measured in the final system, but we expect less than 1.5 electrons. 

This gives total RSS values for the expected noise at various temperatures as shown in the following 
table. 

Table 3-18: Dark current 

  -120 ºC   -100 ºC   -80 ºC  Units 
Dark current shot 
noise 

0.83 1.54 2.87 electrons 

Sensor output 
amplifier 

4.7 4.7 4.7 electrons 

ASPIC  1.8 1.8 1.8 electrons 
BEB amplifier & 
ADC 

2 2 2 electrons 

System coherent 
pickup  

1.5 1.5 1.5 electrons 

RSS Total 5.68 5.83 6.31 electrons 
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This gives us a little over one electron of margin over the requirement which we distribute, at the 
moment, over the sensor output amplifier (25%), the dark current (10%) and the ASPIC (25%) while we 
await the next round of prototype sensors and more measurements on the electronics chain. 

3.4.5 Photometric Stability 
Photometric stability requirements specify the characteristics of the Camera needed to support 
observatory calibration. 

This requirements set was generated by the Observatory Calibration Team and is captured in Document-
8123. The calibration process takes out many of the terms, with uncompensated components allocated 
to the Camera: 

• Shutter timing knowledge/repeatability of 0.5 millimag (flow down to Shutter) 

• Throughput variations over time of 0.5 millimag (flow down to Camera-level thermal control and 
the Science Raft) 

• Filter repositioning accuracy of 0.5 millimag for bands griz, 0.75 millimag for bands u and y (flow 
down to Filter Exchange) 

An analysis of the photometric error budget is presented in Section 3.4.5.1 below. 

Table 3-19: Camera photometric requirements 

Rec No Title Requirement Discussion 
C-011 Exposure duration 

repeatability 
The repeatability of the exposure 
duration shall be controlled or 
measured to within 5 milli-seconds 

Repeatability is the 
variation in exposure 
duration across many 
exposures 

C-012 Exposure duration 
uniformity 

The uniformity of the exposure 
duration for all pixels shall be 
controlled or measured to within 5 
milli-seconds.  

Uniformity is the 
variation of actual 
exposure duration for 
all pixels on the focal 
plane. 

C-023 Filter positioning for 
photometric precision 

The positioning of the filters shall 
be adequately precise and 
reproducible that there are no 
significant errors induced in the 
photometric quality of the survey 
data, here defined as <0.5 millimag 
addition to survey photometric 
precision. 

 

C-094 Filter positioning 
repeatability 

Filters must be placed into the 
optical beam with a repeatiblity of 
filter placement of < 0.1 mm. 

 

C-031 Throughput stability Over an inverval of 12 hours the 
overall camera throughput shall be 
controlled or measured to within 
0.5 millimag. 
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Rec No Title Requirement Discussion 
C-032 Detector plane Q.E. 

stability 
The quantum efficiency of all 
detectors on the detector plane 
shall remain stable to within ± 
0.125 % (TBR), at 400 and 900 nm 
at -100 ºC over an observing run 
lasting no more than 12 hours. 

 

C-027 Throughput as-built 
knowledge 

The as-built camera throughput 
shall be measured separately from 
the telescope with relative 
accuracy of 0.25% over spatial 
scales of 1 degree on the focal 
plane (approximately the size of a 
raft) for light at a fixed angle of 
incidence and in LSST griz bands.  
The angular dependence of the 
throughput shall be measured over 
the range 14-26 degrees for at 
least one point on the focal plane. 
(TBR) 

This is to provide data 
for use in extraction of 
dome flat illumination 
corrections.. 

C-009 Exposure duration 
accuracy 

The accuracy of the shutter 
exposure duration shall be < 50 
milli-seconds 

The accuracy is the 
difference between the 
actual duration and 
what was requested 

3.4.5.1 Photometric Calibration Budget and Allocations 
The photometric requirements on the camera limit unknown relative spatial and temporal variations in 
camera throughput that can occur during the time intervals between daily observatory system 
calibrations. The observatory calibration approach is to perform a system calibration just before and just 
after nightly observing takes place. The limits on Camera relative variations ensure the calibration data 
is applicable during the observing run that night. The three specifications on the camera and expected 
performance are shown in the following table. 

Table 20: Camera photometric stability specifications and expected performance 

Parameter Specification Expected Performance 
Photometric error due to 
exposure duration 
variability/knowledge 

<0.5 millimag <0.36 millimag 

Photometric error due to 
changes in filter position 

<0.5 millimag <0.25 millimag 

Photometric errors due to 
changes in camera photometric 
response (griz bands) 

<0.5 millimag <0.29 millimag 

Photometric errors due to 
changes in camera photometric 
response (u band) 

<0.75 millimag <0.29 millimag 
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Photometric errors due to 
changes in camera photometric 
response (y band) 

<0.75 millimag <0.32 millimag 

Exposure duration variability 

The camera shutter will have small variations in the mechanical motions that will result in small 
variations in the achieved exposure duration. The shutter positions versus time have been 
demonstrated in shutter development testing to achieve better than 5 msec in knowledge of the shutter 
open position versus time profile to the shutter close position versus time profile. That translates to less 
than 0.36 millimag exposure duration variability. 

Filter position 

The filter will have variations in throughput across its surface, which will result in variations in the light 
levels across the focal plane. Thus any movement of the filter relative to the filter position during the 
calibration run will add to the variability of the camera response relative to that calibration data. This 
effect is largely mitigated by the fast beam. A point on the focal plane receives light through a 100mm 
diameter region in the filter.  

Two other requirements drive filter position and variability. The filter position will be constrained by 
requirements derived from image quality, and the variability of the filter bandpass is constrained by a 
direct requirement from the Observatory.  

Using (a) the image quality allocation for filter position motion of 1mm and (b) conservative 
assumptions on the variability of the filter bandpass results in an expected performance of better than 
0.25 millimag. 

Photometric response variability 

The camera photometric response variability budget considered factors within the camera that affect 
the consistency of the mapping from photons to digital counts. The factors that can add variability 
include temperature, voltage and current variations as well as contamination. The detector plane 
temperature is controlled to ±0.25º C to reduce sensor quantum efficiency variations, primarily in the y 
band. The bottoms up estimate uses a combination of measured and engineering estimates and 
assumes that variations are removed by calibration where possible. During the preliminary design the 
plan is to refine the contributions due to the various causes and remove calibration where possible. 

3.4.6 Mass Properties 
Mass budgets and allocations have been stable for some time. Mass and center of gravity allocations 
flow down to all subsystems. Mass is carefully tracked, since margin stands at ~10%. 

An analysis of mass budgets is presented in Section 3.4.6.1 below. 

Table 3-21: Camera Mass Budget Requirements 

Rec No Title Requirement Discussion 
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Rec No Title Requirement Discussion 
C-227 Camera weight The maximum weight of 

the camera 
components mounted 
on the telescope shall 
be 3000 kg 

Includes all on-
telescope camera 
hardware during 
normal operations 

C-229 Camera and Servicing 
equipment weight 

The maximum weight of 
the camera 
components mounted 
on the telescope and all 
servicing equipment 
mounted to the Camera 
on its front end shall be 
3750 kg 

This includes a filter 
manual changer, L1 
lens cap, lift frame, 
and any other 
servicing equipment 
supported by the 
Camera 

C-230 Center of gravity The center-of-gravity 
along the Z-axis of the 
camera assembly shall 
be >1357 mm from the 
origin of the CCS 

 

C-231 Radial CG The center of gravity 
(CG) of the camera 
assembly must be 
within 10 mm, radially, 
of the CCS Z-axis 

 

C-234 Moments of intertia The moments of inertia 
of the camera assembly 
shall not exceed: Ixx = 
3500 kg-m^2, Iyy = 3500 
kg-m^2, Izz = 1000 kg-
m^2, around the 
camera center-of-
gravity 

 

C-324 Operational mass 
variations 

During operation, the 
allowed change of the 
camera mass shall be 
no more than 1% of the 
total 

This covers the change 
of filters in the filter 
carousel 

3.4.6.1 Mass Budget Allocations 
Mass properties requirements are levied through the Camera-Telescope external ICD. The Camera is 
fully cantilevered off of the telescope top end assembly. The Telescope hexapod and rotator need to be 
able to position the Camera in 6 degrees of freedom and move the camera to compensate for earth’s 
rotation. Hexapod actuators, in particular, must carry a considerable load, but move with very tight 
constraints on precision of motion. These precision requirements drive the need to limit camera mass 
and mass properties. 
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Figure 3-8: Camera on Telescope Hexapod, Elevation View 

Camera mass has been tracked over the course of the development program, to help contain mass 
growth as the elements of the camera grew in design maturity. Early-stage design efforts included just 
identifying parts—this has led to considerable mass growth in the past. Design refinement as the 
conceptual design matured included light-weighting to ensure that designs were not bloated. The 
Project collects subsystem mass and center of gravity estimates centrally then calculates total camera 
mass and cg. 

Table 3-22: Subsystem masses and center of gravity calculations 

Subsystem
Total Mass 

(kg)
CGx

(mm)
CGy

(mm)
CGz

(mm)
Budget: 3000 >1357

Camera Assembly 2606.0 0.4 -9.9 1417.8
Science Raft Towers 233.5 -0.6 0.2 1255.1
Corner Raft Towers 30.3 0.0 0.0 1262.1
Optics 734.4 2.5 -31.3 607.8
Camera Body & Mechanisms 609.7 -0.3 -11.6 1501.8
Cryostat Ass'y 668.2 -0.6 32.8 1710.9
Utility Trunk 201.0 -0.1 -87.8 2665.0
Data Acquisition 5.0 0.0 0.0 2502.0
System Electronics 124.0 0.0 0.0 2502.0

<10

Center of Gravity
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Mass and cg estimates are captured at the lowest level at which they are estimated, along with the 
estimation method (parametric or ROM estimate; calculated from rough dimensions; calculated based 
on CAD model and density; measured or catalog mass). 

Moments of inertia have been calculated at the component level then summed for the entire Camera. 
Mass estimates are used. The calculations are performed conservatively, using bounding dimensions of 
subsystem hardware and factoring in a worst-case estimate for asymmetric, off-axis, or misaligned 
components. 

3.4.7 Filter Characteristics 
Filter requirements are specified in terms of transmission as a function of frequency. 

Bandpasses are defined as an envelope with high and low curves defined at 0%, 50%, and 100% 
reference points on red and blue side of pass band. The 100% points are relative to the curve, and not 
relative to a bandpass of 100%. The requirements limit out of pass band leaks and integrated flux; they 
also limit changes in the filter response from center to edge of filter. These requirements are intended 
to control the shape of the filter only; the average transmission requirement is covered by the 
throughput specification. 

Table 3-23: Camera Filter Requirements 

Rec No Title Requirement Discussion 

C-107 
U-filter 
spectral 
shape 

U-filter low blue side 0%-50%-100% 
response: 311 nm-323 nm-336 nm 

U-filter low red side 0%-50%-100% 
response: 402 nm-389 nm-377 nm 

U-filter high blue side 0%-50%-100% 
response: 306 nm-318 nm-331 nm 

U-filter high red side 0%-50%-100% 
response: 407 nm-394 nm-382 nm 

Bandpass defined as an envelope 
with high and low curves defined at 
0%, 50%, and 100% reference 
points on red and blue side of pass 
band. The 100% points are relative 
to the curve, and not relative to a 
bandpass of 100% 
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Rec No Title Requirement Discussion 

C-100 
G-filter 
spectral 
shape 

G-filter low blue side 0%-50%-100% 
response: 392 nm-404 nm-417 nm 

G-filter low red side 0%-50%-100% 
response: 562 nm-550 nm-537 nm 

G-filter high blue side 0%-50%-100% 
response: 387 nm-399 nm-412 nm 

G-filter high red side 0%-50%-100% 
response: 567 nm-555 nm-542 nm 

Bandpass defined as an envelope 
with high and low curves defined at 
0%, 50%, and 100% reference 
points on red and blue side of pass 
band. The 100% points are relative 
to the curve, and not relative to a 
bandpass of 100% 

C-104 
R-filter 
spectral 
shape 

R-filter low blue side 0%-50%-100% 
response: 542 nm-555 nm-567 nm 

R-filter low red side 0%-50%-100% 
response: 701 nm-689 nm-676 nm 

R-filter high blue side 0%-50%-100% 
response: 537 nm-550 nm-562 nm 

R-filter high red side 0%-50%-100% 
response: 706 nm-694 nm-681 nm 

Bandpass defined as an envelope 
with high and low curves defined at 
0%, 50%, and 100% reference 
points on red and blue side of pass 
band. The 100% points are relative 
to the curve, and not relative to a 
bandpass of 100% 

C-102 
I-filter 
spectral 
shape 

I-filter low blue side 0%-50%-100% 
response: 681 nm-694 nm-706 nm 

I-filter low red side 0%-50%-100% 
response: 828 nm-816 nm-803 nm 

I-filter high blue side 0%-50%-100% 
response: 676 nm-689 nm-701 nm 

I-filter high red side 0%-50%-100% 
response: 833 nm-821 nm-808 nm 

Bandpass defined as an envelope 
with high and low curves defined at 
0%, 50%, and 100% reference 
points on red and blue side of pass 
band. The 100% points are relative 
to the curve, and not relative to a 
bandpass of 100% 
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Rec No Title Requirement Discussion 

C-111 
Z-filter 
spectral 
shape 

Z-filter low blue side 0%-50%-100% 
response: 808 nm-821 nm-833 nm 

Z-filter low red side 0%-50%-100% 
response: 934 nm-921 nm-909 nm 

Z-filter high blue side 0%-50%-100% 
response: 803 nm-816 nm-828 nm 

Z-filter high red side 0%-50%-100% 
response: 939 nm-926 nm-914 nm 

Bandpass defined as an envelope 
with high and low curves defined at 
0%, 50%, and 100% reference 
points on red and blue side of pass 
band. The 100% points are relative 
to the curve, and not relative to a 
bandpass of 100% 

C-109 
Y-filter 
spectral 
shape 

Y-filter low blue side 0%-50%-100% 
response: 919 nm-931 nm-944 nm 

Y-filter low red side 0%-50%-100% 
response: 1082 nm-1069 nm-1057 
nm 

Y-filter high blue side 0%-50%-100% 
response: 914 nm-926 nm-939 nm 

Y-filter high red side 0%-50%-100% 
response: N/A nm-N/A nm-INDEF nm 

Bandpass defined as an envelope 
with high and low curves defined at 
0%, 50%, and 100% reference 
points on red and blue side of pass 
band. The 100% points are relative 
to the curve, and not relative to a 
bandpass of 100% 

C-250 
In-band 
Ripple 

The in-band filter response shall have 
a semi-amplitude peak to valley 
ripple of no more than 3 percent 
about the in-band  mean response 

 The in-band region for measuring 
ripple is defined as the wavelength 
segment between the red and blue 
upper envelope at the 100% 
relative response wavelengths and 
the red and blue lower envelope at 
the 100% relative response 
wavelengths for positive and 
negative going excursions 
respectively. 
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Rec No Title Requirement Discussion 

C-252 
Filter 
Response 
Uniformity 

The filter response function as 
measured in any 100mm circle  shall 
vary smoothly as a function of radius 
by no more than 2.5% from the 
measured response in the central 
100mm circle. 

  

C-095 
Band-pass 
leakage, 
incremental 

The average leakage in any 10nm  
segment between 300-1200nm 
excluding the region one FWHM 
below the filter band central 
wavelength to one FWHM above the 
filter band central wavelength shall 
be no more than  0.1% 

Leakage that occurs in the 
wavelength region beyond 1050 
the response of 200 μm thick 
silicon at -100 ºC can be multiplied 
against the filter response in the 
leak evaluation. 

C-096 
Band-pass 
leakage, 
total 

The integrated transmission over all 
wavelengths between 300-1200nm 
shall not exceeded 0.05% relative to 
the total integrated transmission 
between 300nm and 1200nm. For 
this specification the wavelengths 
outside the filter bandpass are 
defined as the regions above and 
below the filter bandpass starting 
where the filter response first goes 
below 0.1% 

Leakage that occurs in the 
wavelength region beyond 1050 
the response of 200 μm thick 
silicon at -100 ºC can be multiplied 
against the filter response in the 
leak evaluation. 

3.4.8 Throughput Variations on a Single Image (Provisional) 
These requirements define spatial variations in throughput across the focal plane that result in 
variations in the single image depth across the focal plane. 

As of this design report’s publication, the OSS definition is in process. This specification may allow 
additional throughput variations within the Camera, with flow down to be determined. 

Table 3-24: Camera Throughput Variations Requirements 

Rec No Title Requirement Discussion 
C-020 Camera optical 

throughput variation 
The maximum variation in camera 
optical throughput over the entire 
field of view on the detector plane 
shall be < 10% (TBR) 
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Rec No Title Requirement Discussion 
C-033 Detector plane max 

Q.E. variability 
The quantum efficiency of all 
detectors on the detector plane 
shall vary < 10 %, at 400 and 900 
nm at -100 °C, to ensure uniform 
data quality.  

[[allocates down to 5% 
due to 10K temp 
variation and 5% 
scatter among 
sensors]] 

C-127 Detector Q.E. spread The quantum efficiency of 
detectors shall vary by < 5 % for all 
detectors on the detector plane, at 
400 and 900 nm and -100 °C. 

QE values are derived 
at a lower level from 
the throughput 
allocations 

 TBS.   Allocations of spatial variations to 
other items, such as filter 
nonuniformity and optics coating 
nonuniformity  

  

C-034 Detector plane max 
temperature spatial 
variation 

The temperature of detectors shall 
vary < 10 ºC spatially across the 
detector plane  

This corresponds with a 
(< 5%) variation in Q.E.; 
allocates out to temp 
uniformity in Cryoplate, 
variation in Raft Tower 
heat path  

3.4.9 Optics Prescription 
This lengthy set of specifications defines the lens and filter powers and positions relative to the focal 
plane. 

Tolerances for the prescription are constrained by the image quality budget. An iterative approach, 
allowing precompensation for temperature and pressure, has been used to achieve the desired optical 
properties. 

The requirements provide for a one-time optics spacing and position adjustment prior to the final 
Camera build. 

Flow down is to the Optics (governing lens and filter shapes, as well as positioning); Camera Body (optics 
positioning); Filter Exchange (filter positioning); and the Cryostat (positioning). 

Table 3-25: Camera Filter Prescription 

Rec No Title Requirement Discussion 
C-157 Filter prescriptions The prescription of the 

Filters shall be defined 
by the following 
requirements when the 
telescope is zenith 
pointed 

This prescription is a 
copy of the prescription 
called out in the 
Observatory System 
Spec (OSS), and defines 
only nominal values 
when the telescope is 
zenith pointed; 
tolerances on figure and 
position are derived at a 
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Rec No Title Requirement Discussion 
lower level from image 
quality requirements 

C-055 Filter 1st surface radius Filter 1st surface 
spherical radius = -
5632.0 mm 

 

C-056 Filter clear aperture 
radius 

Filter clear aperture 
radius = 378 mm 

 

C-057 Filter glass type Filter glass type:  fused 
silica 

 

C-058 G-filter 2nd surface 
radius 

G-filter 2nd surface 
spherical radius = -
5576.0 mm 

 

C-059 G-filter center thickness G-filter center thickness 
= 21.50 mm 

 

C-060 I-filter 2nd surface 
radius 

I-filter 2nd surface 
spherical radius = -
5623.0 mm 

 

C-061 I-filter center thickness I-filter center thickness 
= 15.700 mm 

 

C-062 R-filter 2nd surface 
radius 

R-filter 2nd surface 
spherical radius = -
5606.0 mm 

 

C-063 R-filter center thickness R-filter center thickness 
= 17.900 mm 

 

C-064 U-filter 2nd surface 
radius 

U-filter 2nd surface 
spherical radius = -
5530.0 mm 

 

C-065 U-filter center thickness U-filter center thickness 
= 26.600 mm 

 

C-066 Y-filter 2nd surface 
radius 

Y-filter 2nd surface 
spherical radius = -
5640.0 mm 

 

C-067 Y-filter center thickness Y-filter center thickness 
=13.600 mm 

 

C-068 Z-filter 2nd surface 
radius 

Z-filter 2nd surface 
spherical radius = -
5632.0 mm 

 

C-069 Z-filter center thickness Z-filter center thickness 
= 14.400 mm 

 



LSST Camera Conceptual Design Report 

61 
 

Table 3-26: Camera L1 Prescription 

Rec No Title Requirement Discussion 
C-150 L1 lens prescription The prescription of the L1 lens shall be defined by 

the following requirements with a pressure 
differential of 1PSI (TBR) with surface 1 at a lower 
pressure than surface 2. 

 

C-070 L1 1st surface 
radius 

L1 1st surface spherical radius = -2824.00 mm  

C-071 L1 2nd surface 
radius 

L1 2nd surface spherical radius = -5021.00 mm  

C-072 L1 center thickness L1 center thickness = 82.23 mm  
C-073 L1 clear aperture 

radius 
L1 clear aperture radius = 775 mm  

C-075 L1 glass type L1 glass type:  fused silica  

Table 3-27: Camera L2 Prescription 

Rec No Title Requirement Discussion 
C-153 L2 lens prescription The prescription of the L2 lens shall be defined by 

the following requirements 
 

C-076 L2 1st surface 
radius 

L2 1st surface spherical radius = flat  

C-077 L2 2nd surface 
asphere 

L2 2nd surface asphere A6 coefficient = 1.656e-18 
mm^-5 

 

C-078 L2 2nd surface conic 
constant 

L2 2nd surface conic constant = -1.5700  

C-079 L2 2nd surface 
radius 

L2 2nd surface spherical radius = -2529.00 mm  

C-080 L2 center thickness L2 center thickness = 30.00 mm  
C-081 L2 clear aperture 

radius 
L2 clear aperture radius = 551.00 mm  

C-083 L2 glass type L2 glass type: fused silica  

Table 3-28: Camera L3 Prescription 

Rec No Title Requirement Discussion 
C-155 L3 lens prescription The prescription of the L3 lens shall be defined by 

the following requirements with a pressure 
differential of 11.87 PSI (TBR) with surface 2 at a 
lower pressure than surface 1. 

 

C-084 L3 1st surface 
radius 

L3 1st surface spherical radius = -3169.0 mm  

C-085 L3 2nd surface conic 
constant 

L3 2nd surface conic constant = -0.9620  

C-086 L3 2nd surface 
radius 

L3 2nd surface spherical radius = 13360.0 mm  
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Rec No Title Requirement Discussion 
C-087 L3 center thickness L3 center thickness = 60.00 mm  
C-088 L3 clear aperture 

radius 
L3 clear aperture radius = 361.00 mm  

C-090 L3 glass type L3 glass type: fused silica  

Table 3-29: Camera Optics Spacing Requirements 

Rec No Title Requirement Discussion 
C-152 Camera optical 

element positions 
The nominal position of the camera optical 
elements shall be defined by the following 
requirements 

Positions refer 
to the Camera 
Coordinate 
System and 
are nominal 
values only 

C-054 Filter 1st surface Z-
position 

Filter 1st surface Z-position = 874.4 mm in the 
Camera Coordinate System 

tolerances 
defined by the 
image quality 
budget 

C-074 L1 first surface Z-
position 

L1 first surface Z-position = 0 mm in the Camera 
Coordinate System 

tolerances 
defined by the 
image quality 
budget 

C-082 L2 first surface Z-
position 

L2 first surface Z-position = 494.872 mm in the 
Camera Coordinate System 

tolerances 
defined by the 
image quality 
budget 

C-089 L3 first surface Z-
position 

L3 first surface Z-position = 943.45 mm in the 
Camera Coordinate System 

tolerances 
defined by the 
image quality 
budget 

C-287 Detector Plane 
Position 

The detectory plane Z-position = 1031.95 in the 
Camera Coordinate System 

tolerances 
defined by the 
image quality 
budget 

C-002 Detector 
plane+L3+Filter gap 
adjustability to L1 

the detector plane + L3 + Filter shall be capable of 
being adjusted one time by +/- 5 mm with respect 
to L1 

this provides 
compensation 
for the as-
built figure 
errors in the 
mirrors 

C-003 Detector plane-L3 
gap adjustability 

the gap between the detector plane and L3 shall 
be capable of being adjusted one time by +/- 3.5 
mm 

this provides 
compensation 
for the as-
built figure 
errors in the 
mirrors 
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3.4.10 Stray and Scattered Light 
These requirements address the problem of light reaching the detector plane from an unintended 
source or following an unintended path. They include: 

• The prescribed use of surface coatings and baffling. The LSST Project Systems Engineering group 
uses FRED model to assess observatory performance (flow down to Camera Body, Cryostat, and 
Shutter) 

• A derived Shutter light tight requirement, which primarily controls impact of leakage during CCD 
readout (flow down to Shutter) 

• Definition of the allowed level of specular reflection off of each lens surface to minimize ghost 
images (artifacts caused by multiple reflections off of the optics). Throughput budget includes 
anti-reflective coatings, with budget performance exceeding this spec 

Table 3-30: Camera Stray and Scattered Light Requirements 

Rec No Title Requirement Discussion 
C-041 Reflective surfaces Reflective surfaces near the main beam shall either 

be shielded by light baffles, painted flat black, or 
treated/shaped to minimize scattering 

 

C-043 Shutter leakage Closed,  the shutter shall admit < 2e7 
photons/m^2-sec (TBR), with an ambient 
illumination of 1 lux at 550 nm.  This is equivalent 
to 10% of the expected dark current when the 
shutter is in full moonlight illumination. 

 

C-113 Lens maximum 
reflectance 

The reflectance of each optical surface of each lens 
shall be < 2% over the entire operating wavelength 
range. 

 

C-261 Baffling The camera shall be baffled such that there are no 
direct specular paths to the focal plane from 
celestial sources that are outside the nominal field 
of view 

 

3.4.11 Guiding 
The Camera is the sole provider of sensor data to a Telescope guide loop used to fine tune Telescope 
pointing. 

This guide loop uses changes in detected star position to estimate and correct pointing deviations. The 
Telescope team supplies the detailed requirements in the Camera to Telescope ICD (LSE-66). 

The guiding requirements flow down to the Corner Raft (for sensor characteristics and readout 
capabilities) and the DAQ system (for data processing and Corner Raft control). 

3.4.12 Wavefront Sensing 
The Camera is the sole provider of wavefront sensor data to the Telescope. 
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The Telescope team supplies the detailed sensor requirements in the Camera to Telescope ICD (LSE-66). 
Data delivery requirements are specified in the OSS. As of this report’s publication, wavefront sensor 
requirements are placeholders. 

The wavefront sensing requirements flow down to the Optics (transmitted wavefront error), Corner 
Rafts (sensor specifications), DAQ (data processing), as well as the Cryostat and Camera Body for 
alignment of wavefront sensors to the detector plane. 

Table 3-31: Camera Wavefront Sensing Requirements 

Rec No Title Requirement Discussion 
C-178 Readout time The wavefront data 

readout time shall not 
be greater than 2 
seconds 

 

C-304 Data latency The wavefront data 
shall be transmitted to 
the Telescope and Site 
subsystem within 3 
seconds of the close of 
the shutter 

 

C-181 Pixel dimensions Wavefront detector 
Pixel dimension  10um x 
10um 

 

C-240 Bit depth The wavefront data 
shall be represented in 
16 bits 

 

C-303 Read noise sampling The read out noise shall 
be sampled by at least 2 
bits 

 

C-268 Detector size The detector half sizes 
shall be 42.0mm by 
21.0 mm 

 

C-179 Readout noise Wavefront detector 
readout noise shall be 
less than 10 electrons in 
a 15 second exposure 

 

C-200 Detector half offset The intrafocal and 
interfocal halves 
displacement shall be 
between 2.0 mm and 
3.4 mm 

The target is 2.4 mm 

C-242 Sensor displacement 
variability 

The standard deviation 
of the intrafocal and 
interfocal displacement 
shall be no more than 
0.01mm 
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Rec No Title Requirement Discussion 
C-305 Displacement slope The maximum slope in 

focus displacement 
between any two points 
within the effective 
sensor area shall not 
exceed 0.01 TBR 

 

C-306 WFS z axis position The z axis position of 
the wavefront sensors 
shall be within 0.02 mm 
of the science focal 
plane best fit plane. 

The z axis position of 
the wavefront sensors 
is defined as the best 
fit mid plane between 
the intra and extra 
focal surfaces of the 
sensor 

C-307 WFS z axis stability The WFS shall be stable 
relative to the focal 
plane in the z direction 
to within 0.020 mm 

 

C-308 WFS x/y plane stability The WFS shall be stable 
relative to the focal 
plane in the xy plane 
direction to within 
0.100 mm 

 

C-203 Quantum Efficiency The quantum efficiency 
shall be greater than 
u-band: 0.35 
g-band: 0.75 
r-band: 0.85 
i-band: 0.75 
z-band: 0.55 
y-band: 0.15 

 

C-212 Wavefront sensor 
position 

For the purpose of 
determining the optical 
alignment and mirror 
surface errors the LSST 
optical system shall use 
4 wavefront sensors 
located near the 
corners of the inscribe 
square to the 3.5 
degree FOV. 

 

C-213 Wavefront sensor data For the purposes of 
archiving and buffering 
the wavefront sensor 
imaging data shall be 
treated the same as 
science image data. 
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Rec No Title Requirement Discussion 
C-302 Wavefront data 

exchange 
The camera subsystem 
shall directly provide 
the wavefront data to 
the Telescope and Site 
Subsystem as requested 
by the telescope control 
system 

 

C-115 Transmitted wavefront 
error 

For each lens, there 
shall be < 0.33 lambda 
peak-to-valley change in 
the transmitted 
wavefront, compared 
with the transmitted 
wavefront before 
coating, at 630 nano-
meters over any 
aperture corresponding 
to any given field point 

 

3.4.13 General Operations 
Requirements on high level camera operations have been specified. 

Commands from OCS include taking images, changing filters and changing configuration. Power Up 
Initialization allows 60 seconds to get to a default condition and be ready to communicate with the OCS 
(but does not require the ability to take pictures immediately). Engineering Mode Camera control 
requires that the CCS control and monitor camera subsystems when in engineering mode; this mode 
includes Camera subsystems operating in stand alone mode, such as the Filter Loader. 

With respect to Camera telemetry, Camera meta-data availability refers to the protocol used to transfer 
the telemetry and summarizes the expected content of the telemetry. Camera State Notification 
requires that the camera report any changes in “major internal state”; those state definitions will be 
worked out in the Camera behavior/sequence diagram effort. Filter in use status is a derived 
requirement that the Camera positively identify the filter that is in use. Requirements related to 
telemetry analysis require delivery of telemetry analysis tools, which will be developed using an 
Observatory-provided toolbox. 

The Observatory operations team will use this analysis to monitor the camera and will likely refine the 
tools based on experience 

These requirements flow down primarily to CCS for control of camera behavior and the requirement to 
report state changes. Derived requirements will flow to most subsystems as determined by the Camera 
behavior/ sequence diagram effort. All systems (except Optics) must define health and safety and status 
telemetry, with the specific list to be generated during the preliminary design phase. Telemetry analysis 
will follow from Camera integration and test efforts. 
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Table 3-32: Camera General Operations Requirements 

Rec No Title Requirement Discussion 
C-136 Commanding from 

OCS 
The camera shall support commands from the 
OCS to power-up and initialize the camera, to 
change filters and to take exposures using the 
Command/Action/Response (CAR) model as 
detailed in LSE-70 "LSST Observatory Control 
System Communication Architecture and 
Protocol" 

Calibration is 
expected to 
be a subset 
of this set of 
commands 

C-363 Observatory 
network 

The camera shall use the LSST Observatory 
Network as defined in LSE-78 

 

C-195 Camera Power Up Upon activation, the camera shall be  ready for 
communication with the OCS without further 
human intervention. This activation process shall 
take less than one (1) minute 

This does not 
place any 
requirements 
the 
subsystem in 
terms of 
being ready 
to take data. 
For example, 
the Camera 
cool down 
(which 
requires 
activation) 
will take 
considerable 
longer than 1 
minute.  
This assumes 
a warm 
restart or 
activation 
with the 
appropriate 
computers 
up and 
running. 

C-320 Concurrent 
commands 

The camera shall reject concurrent commands 
with the exception of TBD 

Exceptions 
will be abort 
and stop 
type actions 

C-317 Interface to OCS The camera shall instantiate a standardc OCS 
publish/subscribe interface as defined in LSE-70 
"LSST Observatory Control System 
Communication Architecture and Protocol" 
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Rec No Title Requirement Discussion 
C-319 CCS command set The camera shall respond to the command set 

defined in LSE-71 "OCS Command Dictionary for 
the Camera" in requirements OCS-CA-CMD-ICD-
0005, -0006, -0007, -0008, -0009, -0010, -0011, -
0012 and -0013. 

 

C-297 Camera initialization The camera at power up shall be initialized into a 
known safe state without human intervention 

 

C-224 Engineering and 
maintenance 

The camera shall support operations necessary 
for engineering and maintenance 

This includes 
using the 
OCS bulk log 
message 
capability 
defined in 
LSE-71 "OCS 
Command 
Dictionary 
for the 
Camera", 
reqID OCS-
CA-CMD-ICD-
0016 

C-207 Stand Alone 
Operations 

The camera shall maintain technical health, safety 
and status without any other subsystem 
operational 

 

C-193 Operational States Define the operational states of the camera  
C-210 Camera Status The Camera shall assess and report an overall 

hardware health status for major camera 
components. 

The primary 
purpose of 
these status 
indicators is 
for the OCS 
to be able to 
orchestrate 
normal 
operations 
and handle 
out of 
normal 
conditions. 

C-260 Remote operations The camera shall be remotely operable from any 
of the LSST Facilities or other Project designated 
site 

 

C-144 Camera meta-data 
availability 

The camera telemetry shall include all required 
information (metadata) needed for the scientific 
analysis of the survey data. 

This data is 
defined in 
the Control 
System 
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Rec No Title Requirement Discussion 
Interface 
between 
Data 
Management 
and Camera 
(LSE-69) 

C-209 Camera State 
Notification 

The camera shall report any changes in its major 
internal state. 

 

C-225 Filter in use status The camera shall positively identify the filter that 
is currently in position for use 

 

C-247 Camera telemetry The camera shall publish telemetry using the 
Observatory specified protocol as defined in LSE-
74 "System Dictionary and Telemetry Streams" 

 

C-373 Telemetry list The telemetry to be provided by the camera shall 
be defined in  the Engineering & Facility Database 
Telemetry Dictionary (LSE-74) 

This 
dictionary 
will be 
developed 
during the 
detail design 
phase 

C-321 Alarm publication The camera shall publish alarms whenever a 
monitored value exceeds the limits defined in the 
alarms configuration table 

 

C-189 Temperature status Temperature measurements shall be provided to 
the OCS 

 

C-318 Other Observatory 
subsystem 
telemetry 

The camera shall be capable of retrieving 
telemetry from other Observatory subsystems as 
described in  LSE-70 "LSST Observatory Control 
System Communication Architecture and 
Protocol" 

 

3.4.14 Exposure Control 
The exposure control requirements address the duration of a standard visit and define boundaries for 
non-standard visits. 

A standard visit is defined as two 15 second exposures. A total of 34 seconds is allocated, starting when 
the command is received from the OCS and ends when the readout of the second exposure begins. 

Non-standard visits are also specified. The Camera must be able to provide a minimum exposure of 5 
seconds and a maximum exposure of at least 15 seconds. In addition, the Camera must be able to take 
bias and dark frames, requiring the ability to read out without integrating and the ability to take 
exposures without opening the shutter. 
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Basic operation of the Camera flows down to CCS, DAQ, Corner Raft, Science Raft, and Shutter. Specific 
timing allocations flow to the Shutter, Science Rafts and Corner Rafts. 

Table 3-33: Camera Exposure Control Requirements 

Rec No Title Requirement Discussion 
C-214 Visit timing The camera shall complete each visit (not including 

the readout of the last exposure in the visit) within 
34 seconds 

This 
requirement 
is based on 
two 15 
second 
exposures 
per visit. 

C-017 Shutter closing time Shutter max closing time shall be less than 1 
second 

This is the 
total 
duration of 
time from 
the start of 
motion to 
the end of 
motion of 
the shutter 

C-018 Shutter opening 
time 

Shutter max opening time shall be less than 1 
second 

This is the 
total 
duration of 
time from 
the start of 
motion to 
the end of 
motion of 
the shutter 

C-204 Focal plane readout 
time 

The focal plane readout time shall be less than 2 
seconds 

  

C-016 Min exposure 
duration 

The camera shall be capable of a minimum 
exposure duration of 5 seconds.  

The nominal 
exposure 
duration is 
15 seconds.  
This 
requirement 
does not 
cover special 
exposures 
required for 
calibration.  

C-146 Closed-shutter 
exposures 

The camera shall be able to perform exposures 
without opening the shutter 
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Rec No Title Requirement Discussion 
C-174 Maximum exposure 

duration 
The camera shall be capable of exposures longer 
than the nominal duration of 15 seconds, but 
single image specifications need not be met. 

  

C-175 Bias/zero exposures The camera shall be able to perform a zero 
duration exposure 

Discussion: 
This captures 
bias or zero 
frames for 
calibration. 
In this case 
the CCDs are 
read out 
immediately 
after 
preparation 
for the 
exposure 
without any 
integration 

3.4.15 Filter Exchange Functions 
The Camera is required to have 5 filters on-board at any time, driving the need for an Auto Changer. 

The Camera is also required to swap out one of the 5 filters in 1.5 hours without removing the Camera 
from the Telescope. The number of filter swap-outs is specified to augment the lifetime requirement. 

In addition, the Camera is required to change between filters that are resident on the camera within 90 
seconds. The number of filter changes is specified to augment the lifetime requirement. 

A future Operations Concept document will refine cyclic lifetimes and discuss maintenance intervals. 

Control and overhead specifications flow down to CCS, and all other requirements flow to the Filter 
Exchange system. 

Table 3-34: Camera Filter Exchange Requirements 

Rec No Title Requirement Discussion 
C-004 Filter complement The camera shall accommodate 5 filters on board 

the camera at any time 
this 
presumes 
that a filter 
swap-out for 
a spare filter 
requires a 
daytime 
access 

C-216 Filter swap in place The internal filter complement of the camera shall 
be reconfigurable without requiring the removal of 
the camera from the telescope. 
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Rec No Title Requirement Discussion 
C-005 Filter exchange 

duration 
The camera shall require less than 90 seconds to 
change between any two filters that are resident 
inside the camera 

this duration 
covers all 
required 
camera 
operations, 
but does not 
include any 
additional 
telescope or 
OCS times 

C-006 Filter swap-out 
duration 

The Camera shall allow for swapping out any of the 
on-board filters for a new filter during the day, 
with a total time to swap out the filter of 1.5 hours 
after safe access to the Camera has been 
established 

this duration 
covers all 
required 
camera 
operations 
and 
verification 
tests, but 
does not 
include any 
additional 
telescope 
time needed 
to access the 
camera or 
recover 
calibration 

3.4.16 Time Reference 
The Camera’s master clock is to be provided by the observatory. Time is specified per the International 
Atomic Time (TAI) standard. Time tag absolute accuracy is better than 10 msec relative to the external 
time standard. All internal events are to be tagged with 1 msec resolution 

The requirement flows down to CCS. 

Table 3-35: Camera Time Reference Requirements 

Rec No Title Requirement Discussion 
C-137 Reference to 

master clock 
the camera shall reference times to an external 
clock 

 

C-221 Reference Clock The reference clock for the camera shall be in TAI  
C-222 Time Precision The times of all time tagged events shall have a 

resolution of 1 msec 
 

C-223 Time Accuracy All time tagged events reported by the camera 
shall be done with an absolute accuracy of 10 msec 
with respect to the external time standard  
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3.4.17 Science Data Readout 
This set of requirements defines how the science data (and wavefront data) are provided to the 
Observatory. Each Camera image has a unique identifier. The Camera is to provide both raw and 
crosstalk corrected science data, with real time crosstalk corrected data provided on the fly to regular 
subscribers, and raw data persisted for 2 days and provided on-demand. 

Wavefront data is handled identically to other science data, with no crosstalk correction. 

The Camera has a latency allocation of 10 msec. 

These requirements flow down to the DAQ subsystem. 

Table 3-36: Camera Science Data Readout Requirements 

Rec No Title Requirement Discussion 
C-217 Science image 

delivery 
The camera shall deliver each image with a unique 
identifier per device per exposure 

 

C-374 Interface to DM The science data shall be provided to DM as 
defined in the Data Acquisition Interface between 
Data Management and Camera (LSE-68) 

 

C-218 Raw Image Data The camera shall provide raw pixel data in 
response to a request for one or more specific 
images 

 

C-219 Cross-talk corrected 
image data 

The camera shall provide cross-talk corrected pixel 
data to client subscribers 

 

C-139 Persistence of raw 
data 

The camera shall persist the raw pixel data for 2 
days 

 

C-143 Science data latency The latency for the delivery of the science data to 
DM after it is digitized shall be less than 10 msec. 

 

C-145 Wavefront data to 
DM 

the camera shall provide wave front data to DM  

C-213 Wavefront sensor 
data 

For the purposes of archiving and buffering the 
wavefront sensor imaging data shall be treated the 
same as science image data. 

 

C-246 Raw data buffer 
readout 

The camera shall be able to transmit the persisted 
raw data in 1 day in parallel with routine observing 
operations 

 

3.4.18 Lifetime, Reliability and Maintainability 
Design life requirements for the Camera have been stipulated. 15 years provides margin against the full 
life of the components, from fabrication, integration, commissioning, through operations. The Camera 
Specification includes cyclic lifetimes for exposure counts and filter changes, which are flowed down 
from the OSS. A more thorough cyclic lifetime analysis will be performed as the design advances; an 
Operations Concept document will provide rationale for requirements flowed to the Shutter, Auto 
Changer, and components in the Cryostat. 
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For reliability and maintainability, requirements specify the total mean time between failure 
(MTBF)/probability of downtime for the Camera system over a year, coupled to maintenance cycles and 
maintainability of camera subsystem hardware. Camera reliability requirements are lower level 
requirements derived from unplanned down-time requirements included in OSS and maintenance plans 
to be specified in a Camera Operations Concept document. 

All subsystems will eventually have reliability, testing, and maintenance requirements. 

Table 3-37: Camera Lifetime Requirements 

Req No  Title Requirement Discussion 
C-001 Camera lifetime The camera and all subsystems and 

components shall be designed to operate for at 
least 15 years 

this includes the 
observatory 
lifetime plus 
additional time 
for camera 
integration, test, 
and observatory 
commissioning 

C-173 Number of shutter 
actuations 

The Camera shall be capable of 1000000 total 
number of shutter actuations per year 

  

C-008 Number of filter 
exchanges 

The auto changer shall be designed for at least 
70,000 changes. 

70,000 changes 
[(1 self-check + 10 
cal + 10 
ops)/night x 300 
nights + 4 swap-
outs/month x 12 
months] x 10 
years 

C-176 Number of filter 
swap-outs 

The Camera shall be capable of 3000 total 
number of manual filter changes during its 
lifetime 

This allows one 
every 2 days 
during operations 
(365.25/2*10=182
2 changes) and 
leaves over 1000 
changes for I&T 
and 
commissioning. 

3.4.19 Safety and Protection 
Requirements in this category are derived from the Camera Protection Plan (LCA-139), Performance and 
Safety Assurance Plan (LCA-138), and Quality Assurance Plan (LCA-229). They specify aspects of 
hardware protection, personnel protection, and quality assurance. 

The Camera Protection Plan establishes an architecture for what protection is done where, and how 
system safety status is monitored; defines system-wide hardware and design requirements (electrical 
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and mechanical) to ensure system safety; and, defines the requirements for the camera protection 
system and its subsystem elements. 

The Performance and Safety Assurance Plan covers personnel safety requirements, giving overarching 
requirements, which are then flowed to institutional safety implementation plans. An Operations 
Concept Document will define safe access requirements. 

The Performance and Safety Assurance Plan and Quality Assurance Plan will establish quality 
requirements for protection system elements 

System requirements and their flowdown will be defined as the Plan documents are drafted. 

Table 3-38: Camera Safety and Protection Requirements 

Rec No Title Requirement Discussion 
C-182 Powered latch fail-

safe 
All powered latches and actuators or release 
mechanisms shall be fail-safe from sudden loss of 
power 

 

C-183 Local protection Protection from mechanical and electrical failure 
shall be handled locally 

 

C-296 Safety System The camera shall implement a non-software based 
safety system in areas where injury or harm to 
personnel and or equipment can occur 

 

3.4.20 Thermal Requirements 
Thermal requirements: 

• Specify that the Camera outer skin temperature must track ambient dome temperature to +/-1º 
C 

• Define Camera and subsystem component operating, acceptance/marginal, and survival 
temperatures 

• Specify detector plane temperature temporal stability 

• Specify back end electronics stability 

Temperature requirements are -100 ºC target for detectors and -40 ºC for RCC, as documented in LCA-
69, Environmental Specification. The Camera Environmental Specification Supporting Analysis also has 
design values for components. These requirements have many sources. 

With respect to flow-down, target temperatures need to be added to subsystem specifications. 
Functional requirements on components of the thermal systems also needs to be flowed to subsystems 
(based on system-level thermal analyses). Requirements on constituent parts are flowed to the 
providing subsystem 

Table 3-39: Camera Thermal Requirements 

Rec No Title Requirement Discussion 
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Rec No Title Requirement Discussion 
C-134 Camera body 

temperature control 
The average external 
temperature of the 
camera shall be 
controlled to within 1 ºC 
(TBR) of the dome air 
temperature as defined 
in the Camera to 
Telescope ICD 

This applies when the 
dome environment 
meets its design 
conditions for 
temperature and 
temperature rate of 
change 

C-326 Utility Trunk heat load The camera shall 
release no more than 
9KW heat load in the 
telescope top end 
plenum. 

 

C-187 Operating temperatures The Camera and its 
subsystem components 
shall be capable of 
operating normally and 
meeting all 
requirements within the 
operating and 
acceptance 
temperature ranges 
described in LCA-69 

Camera Environmental 
Specification 
Supporting Analysis 
(LCA-69), defines 
operating temperature 
ranges for all 
components 

C-197 Survival temperatures The Camera and its 
subsystem components 
shall be capable of 
surviving when off or 
on, and of turning on, 
within the survival 
temperature ranges 
described in LCA-69 

Camera Environmental 
Specification 
Supporting Analysis 
(LCA-69), defines 
survival temperature 
ranges for all 
components 

C-368 Detector plane design 
temperature 

The camera detector 
plane design 
temperature shall be -
100 ºC. 

 

C-369 Back end electronics 
design temperature 

The camera back end 
electronics design 
temperature shall be -
40 ºC 

 

C-035 Detector temperature 
stability 

Detector temperatures 
shall remain stable to 
<= +/- 0.25 ºC over an 
observing run lasting no 
more than 12 hours. 

This allocates out to 
temp stability of 
Cryoplate, capacity of 
make-up heaters for 
sensor, stability of 
process heat load from 
FEE 
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Rec No Title Requirement Discussion 
C-196 Back End Electronics 

temperature control 
The back end 
electronics temperature 
shall be held stable to 
within TBD degrees 
over a 12 hour (TBR) 
interval 

 

C-198 Detector plane 
temperature ramping 

The camera shall be 
capable of ramping the 
detector plane 
temperature over a 
range of +/- 1 ºC in 1 hr 

Supports calibration of 
the output as a 
function of 
temperature 

C-199 Back End Electronics 
temperature ramping 

The camera shall be 
capable of ramping the 
back end electronics 
temperature over a 
range of +/- 1 ºC in 1 hr 

Supports calibration of 
the output as a 
function of 
temperature 

3.4.21 Mechanical Requirements 

Table 3-40: Camera Mechanical Requirements 

Rec No Title Requirement Discussion 
C-243 Camera 

accelerations 
The camera and all subsystem components shall 
be able to operate and survive when subjected to 
the accelerations defined in LCA-68 

LCA-68, 
Camera 
Environmental 
Spec, defines 
operating 
states and 
accelerations 
imparted due 
to gravity, 
slewing, 
handling, 
transport, and 
earthquakes 

C-244 Camera humidity 
range 

The camera and all subsystem components shall 
be able to operate and survive when subjected to 
the humidity ranges defined in LCA-69 

Camera 
Environmental 
Specification 
Supporting 
Analysis (LCA-
69), defines 
the humidity 
ranges for all 
components 
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Rec No Title Requirement Discussion 
C-245 Pressure range The camera and all subsystem components shall 

be able to operate and survive when subjected to 
the absolute pressures and pressure differential 
defined in LCA-69 

Camera 
Environmental 
Specification 
Supporting 
Analysis (LCA-
69), defines 
pressure 
ranges for all 
components 

C-249 Natural frequency The minimum first-mode natural frequency of the 
camera assembly shall be > 24 Hz 

Fixed-base 
boundary 
condition 

C-226 Camera envelope The camera assembly shall stay within the 
envelope described in LSE-18  

 

C-322 Camera mechanical 
interface 

The camera assembly mechanical interface to the 
rotator shall be as defined in LSE-18  

 

C-323 Retroreflectors The camera shall provide retroreflectors as 
defined in LSE-18 

 

C-325 Retroreflector 
visibility 

At least  TBD retroreflectors shall be visible during 
camera installation/removal 

 

3.4.22 Plans and Standards 

Table 3-41: Camera Plans and Standards Requirements 

Rec No Title Requirement Discussion 
C-190 Contamination Control The camera 

components shall be 
compliant with the 
Camera Contamination 
Control Plan (LCA-279) 

 

C-132 Charged particle 
background 

Charged particle events 
from radioactive 
material in the camera 
shall cause a 
background < TBD 
events/cm^2-sec on the 
detector plane. 

 

C-262 Grounding and 
Shielding Plan 

The camera 
components shall be 
compliant with the 
Grounding and 
Shielding Plan  (LCA-
278)  

 

C-263 Integration and Test 
Plan 

The camera 
components shall be 
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Rec No Title Requirement Discussion 
compliant with the 
Integration and Test  
Plan (LCA-40)  

C-264 Verification Test Plan The camera 
components shall be 
compliant with the 
Verification Test Plan 
(LCA-283)  

 

C-265 Reliability Plan The camera 
components shall be 
compliant with the 
Reliability Assessment 
Plan (LCA-281)  

 

C-266 Quality Assurance Plan The camera 
components shall be 
compliant with the 
Quality Assurance Plan  
(LCA-229)  

 

C-370 Mechanical Standards The camera 
components shall be 
compliant with the 
Mechanical Standards 
(LCA-280) 

 

C-289 Software Standards The camera shall be 
compliant with the 
observatory software 
standards, which 
include LSST Software 
Development Plan (LSE-
16), LSST Software 
Quality Assurance 
Guidelines (LSE-13), LSE 
Software Configuration 
Management 
Guidelines (LSE-14) and 
LSST Software 
Verification and 
Validation Guidelines 
(LSE-15) 

 

C-290 Component standards The camera shall 
comply with the 
component and 
procedure standards 
defined in the LSST 
System Standards 
document (LSE-xx)  
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Rec No Title Requirement Discussion 
C-300 Component standards The camera shall 

comply with the 
component and 
procedure standards 
defined in the LSST 
System Standards 
document (LSE-xx) and 
in the Summit Facitlity 
electical and controls 
and standards 
(Document-TBD) 

 

C-294 Safety The camera shall 
comply with the LSST 
Safety Policy (LPM-18) 
and Hazard Analysis and 
Safety Practices (LPM-
49) 

 

C-295 Health The camera shall be 
compliant with the 
Camera Performance 
and Safety Assurance 
Plan (LCA-138) 

 

C-267 Operations Concept The camera 
components shall be 
compliant with the 
Operations Concept 
(LCA-282) 

 

C-248 Cyber Security The camera shall 
comply with funding 
agency requirements 
for cyber security based 
on a low-low threat 
assessment 

 

3.4.23 Other Requirements 

Table 3-42: Other Camera Requirements 

Rec No Title Requirement Discussion 
C-045 Detector pixel pitch Detector nominal pixel pitch shall be 10 μm This 

corresponds 
to (0.2 arc-
second) 
sampling 

C-215 Image bits per pixel The imaging system shall acquire science data 
with a bit depth of least 16 bits 
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Rec No Title Requirement Discussion 
C-159 Camera dynamic 

range 
The camera shall have a unsaturated dynamic 
range of at least 8 magnitudes above the 5-sigma 
r-band limiting magnitude in a standard 15 second 
exposure. 

This 
requirement 
is referenced 
to the fiducial 
conditions 
used to 
define the 
limiting 
magnitude 
requirements. 

C-123 Detector signal 
linearity 

Maximum deviation of detector response from a 
linear fit up to full well < 3 % of full well signal 

 

C-291 EMI The camera shall not emit electromagnetic 
radiation on any frequency in accordance with 
FCC part 15 Class A standards that significantly 
interferes with itself, the operation of other 
observatory subsystems, or any neighboring 
facility. The specific thresholds are TBR. 

This 
requirement 
does not 
mean to 
imply that the 
LSST 
Observatory 
will pursue 
formal Part 
15 
certification, 
but rather to 
ensure that 
the design is 
robust 
against 
causing 
interference 
with itself or 
its neighbors.   

C-292 EM susceptibility The camera shall not be susceptible to 
electromagnetic emissions consistent with FCC 
Part 15 standards and commercial sources within 
and external to the Summit Facility (TBR) 

The camera 
cannot use 
shielding for 
RF coming in 
through L3. A 
system level 
analysis 
needs to be 
performed to 
quantify both 
performance 
and damage 
levels. 
Camera 
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Rec No Title Requirement Discussion 
performance 
requirements 
and 
observatory 
mitigation 
requirements 
can then be 
determined.  

C-293 Light Emissions Light sources within the camera shall not escape 
out of the camera or cause camera performance 
to go out of specification 

 

C-235 On-telescope power  The on-telescope power consumpion shall comply 
with the Utilities and Services Interface between 
the Camera and Telescope (LSE-64) 

 

C-371 Off-telescope 
power 

The off-telescope power consumption shall 
comply with the Sumit Facility Interface between 
the Camera and Telescope (LSE-65) 

 

3.5 Camera External Interfaces 
The LSST project management structure is divided into four major technical design teams (1) Telescope 
& Site; (2) Camera; (3) Data Management; and (4) Observatory Control System. The project Work 
Breakdown Structure parallels this arrangement. Early on the Project identified the major interfaces 
between the top-level LSST subsystems along with the interfaces to Education and Public Outreach. This 
allowed specific design decisions to be made, which were then followed by refinement of the definitions 
of subsystem components and assignment of their responsible owners. Subsequent analysis has shown 
that there are 120 identified interfaces between the top level subsystems.  

The 120 interfaces between the top level subsystems have been assembled into 16 ICDs. These ICDs are 
key communications documents between the four independent design teams. Interfaces internal to 
each subsystem have also been identified; these are described in design documents from each 
subsystem team. The Camera System Engineering team is integrated into the ICD generation process, 
with Camera subsystem managers or technical leads included in ICD definition when needed. 

There are 8 interfaces relevant to the camera project, covered by 11 ICDs. These are: 

1. Camera—Telescope and Site (LSE-80) 

• Mechanical and thermal interfaces between the Camera and Telescope 

2. Utilities and Services (LSE-64) 

• Requirements for telescope-provided utilities and services and routing interconnects to the back 
end of the Camera utility trunk 
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3. Data Acquisition System—Telescope Control System  

• Wavefront sensor characteristics, data requirements and interactions between the Camera and 
the Telescope (LSE-67) 

• Guide sensor characteristics, data requirements and interactions between the Camera and the 
Telescope (LSE-66) 

4. Data Acquisition System—Data Management (LSE-68) 

• Data flow from Camera to DM for science and wavefront sensor data 

5. Camera Control System—Data Management (LSE-69) 

• Information exchanged between Camera and DM through Facilities Data Base  

6. Camera Control System—Observatory Control System  

• Observatory Control System communication architecture and protocol (LSE-70) 

• Camera command dictionary (LSE-71) 

• Telemetry dictionary (LSE-74) 

7. Facilities (LSE-65) 

• Requirements for support facilities and infrastructure for servicing the camera 

8. LSST Observatory Network Design (LSE-78) 

These interfaces are summarized in Figure 3- 9. 
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Figure 3- 9: Interfaces between Camera and other Observatory subsystems requiring formal interface 
definitions 
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4 Value Engineering 

4.1 Introduction 
The concept behind the LSST dates back to the mid-1990s; however, serious engineering studies began 
in earnest around 2002. Over the years, there have been numerous trade studies, covering a wide 
variety of issues, ranging from the overall architecture of the observatory to the detailed design of the 
camera. Table 4-1 and 5-2 are taken from a Design & Development proposal submitted to the NSF in 
2003. They provide a summary of high level trades that were under consideration at that time for both 
the hardware systems, and the data management system.  

In this chapter, we briefly review some of the alternatives that were considered as the overall design 
evolved and matured. We start with some system-level trade studies that strongly impact the camera: 
The choice of site, the overall optical design, and the approach toward atmospheric dispersion 
compensation. We then consider issues more specific to the camera itself: The use of free-standing 
filters, the decision to house the sensors in a vacuum cryostat, the approach toward modularization, and 
the choice of implementing the signal processing electronics inside the vacuum cryostat. Additional 
design alternatives that have been considered and evaluated at the subsystem level are described in the 
subsystem chapters in the remainder of this Report. 

4.2 Site Selection 
A formal Site Selection Committee was convened by the Project in 2004. The Committee consisted of 
knowledgeable experts from observatories around the world, as well representatives from the various 
subsystem teams on the project, including he camera. The Committee was asked initially to suggest sites 
that would meet the LSST requirements of excellent seeing, high fraction of cloud-free nights distributed 
continuously throughout the year, and existing infrastructure to lower risk and reduce costs. 
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At its initial meeting, the Committee suggested four sites for further consideration: 

 Las Campanas Observatory in northern Chile 

 Cerro Pachon in northern Chile 

 ORM Observatory on La Palma in the Canary Islands 

 San Pedro Martir Observatory in Baja California, Mexico 

Historical seeing and cloud cover data were then assembled for each of these four sites. 

Table 4-1: Key hardware trade studies to be performed in D&D phase. 

Topic Major Alternatives Key Issues 
Detector Technology Hybrid CMOS vs. CCDs Availability, cost, necessity of shutter for 

CCDs, readout mode flexibility 
Secondary mirror 
technology 

Structured light weight vs. 
thin phase sheet 

Total weight of assembly and slew-settle 
performance, resistance of surface figure 
to wind buffeting 

Field of view 3.0 – 4.0 degrees Sky coverage rate, image quality, filter 
size, focal plane area 

Optical support structure Intrinsically stiff – “dumb” 
vs. active – “smart” 

Optical alignment, wind response, cost 
and complexity, weight 

Mirror coatings Aluminum vs. multi-layer Maintenance plan and facilities, coating 
longevity and feasibility 

Enclosure Dome vs. Co-rotating Dynamic agility, coupling to telescope, 
wind protection, air flushing 

Mount configuration “C” ring vs. Fork alt-az Slew speed, settle time, cost, complexity, 
serviceability 

Active Optics Degrees of Freedom What are the optimum compensators for 
misalignment and surface errors? 

Filter exchange Internal vs. External Number of filters, time to exchange, 
failure risks 

Site selection Northern vs. Southern 
hemisphere 

Natural seeing, weather patterns, 
infrastructure, science drivers 

Guiding/Tracking Open vs. Closed loop Pointing accuracy, available sky, cost, 
complexity, observing overhead 

Array Electronics On chip vs. off chip ASIC Availability, cost, complexity, power and 
heat management, connectivity and signal 
integrity  

Tertiary Mirror 
Technology 

Borosilicate vs. Low 
expansion 

Control over optical performance with a 
system using two borosilicate mirrors, 
overall weight and slew-settle 
performance 

Laser Metrology Commercial vs. Custom Precision and accuracy, performance in 
telescope environment 
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Table 4-2: Key data management trade studies to be performed in D&D phase. 

Topic Major Alternatives Key Issues 
SCIENTIFIC ANALYSIS   
Photometry pipelines Various algorithms Systematic errors, variable 

blending, measured object 
parameters  

Automated Object 
Classification 

GENIE (trainable auto SW) vs. 
Custom Bayesian code 

False class rate, pollution of 
database 

Object Aggregation/Moving 
object linkage 

Catalog based massive 
correlation vs. optimal orbit 
eigenvector 

Efficiency of linkage, false link 
rate reduction, optimal data 
structure 

Image Subtraction Existing vs. Custom  Image artifacts, software 
dependence on array features 

Astrometry Separate telescope vs. self 
transfer to secondary stds. 

Optimal data strategy, & SW for 
sewing overlap fields 

Optimal image co-addition Optimal reconstruction 
algorithms: regular vs. WL stacks 

Weighting, photometry 
preserving, algorithm for min 
error, co-add after rounding 

PSF & shape analysis PSF(x,y) rapid interpolation; 
Bayesian morphology; optimal 
ellipticity estimator 

PSF pre-mapping; fast sub-array 
input data; deblender bias;  

Automated Quality Assessment Photometric consistency vs. 
continuous false injection 

Interplay between pipelines, 
separation of weather and 
system problems 

INFRASTRUCTURE   
Architecture / Framework Variety of alternatives (from high 

energy physics, astronomy, etc.) 
Latency, resource contention, 
science module immunity, 
scalability, interoperability 

Database Variety of commercial products; 
OO vs. relational 

Scalability, relational and object 
strengths, index pyramid 

Data transport (mountain to 
data center) 

Network infrastructure vs. 
shipping; mountain pipeline data 
products 

Latency, data security, 
redundancy, bandwidth, QA 

Public Data access Standard products vs. user 
initiated tasks.  

Range of users, multiple data 
products, supported queries, 
user tools, science user 
interfaces. 

Data storage/Data Center LSST specific vs. new center or 
existing supercomputer center 

Range of uses, usage tree. Raw 
data access models. 

Integration w/ NVO LSST function or farmed out Data types, data products, 
metadata standards  

Automated Quality Assessment Statistical trend analysis; 
housekeeping data interface 
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Figure 4-1: The locations of the four sites considered in the site selection process. 

At the second meeting of the SSC in January 2005, these data were reviewed, and a down selection to 
three of the four sites was made: Cerro Pachon and San Pedro Martir were identified as the two top 
candidates, but Las Campanas was also kept in contention because of some concern over the reliability 
of the seeing data for Cerro Pachon. La Palma was rejected because of a relatively high fraction of high-
humidity nights, and because of a strong seasonal variability of observing conditions. 

After this initial recommendation, the project undertook a series of follow-up actions: 

• Identical Differential Image Motion Monitor (DIMM) instrumentation was installed on all 
candidate sites to further constrain seeing characteristics. 

• The surface layer turbulence at each of the candidate locations was studied in detail. 

• The issue of data connectivity was studied for San Pedro Martir. 

• The evolution of the light pollution environment in Chile was analyzed. 

• The Project issued Requests for Proposals from each of the three sites, asking for a commitment 
to host the LSST and to propose a baseline tenant agreement. Both AURA, which manages the Cerro 
Pachon site, and UNAM, which manages the San Pedro Martir site responded with detailed proposals. 
However, the Carnegie Observatories, which manages Las Campanas chose not to respond, because 
they could not commit to the desired location on the peak for LSST. 

In its final deliberations, the Site Selection Committee drew the following conclusions: 

• The scientific merits of the San Pedro Mártir (SPM) and Cerro Pachon (CP) sites are both 
excellent. Either would enable the completion of the primary science programs of the LSST as set by the 
Science Requirement Document. The sky conditions at SPM appear to allow data acquisition to proceed 
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at a 10 to 20% faster rate than at CP. This gain in fraction of clear time is comparable to similar gains in 
efficiency that the project team is striving to achieve (at considerable cost, in some cases) in the various 
subsystems of the telescope and camera. 

• Although, the project team presented evidence for significant cost differentials for construction 
and operations at the two sites, we did not consider these data to be sufficiently reliable to be used as a 
determining factor in our deliberations. 

• The less robust existing infrastructure at SPM and the somewhat more tenuous commitment to 
the project reflected in the SPM proposal could result in a higher risk of delays, cost increase and 
logistical problems for the construction and operation of the facility. LSST is going to break new ground 
in most of its subsystems; it is the Committee’s opinion that it would be unwise to break additional new 
ground by constructing the first large foreign facility on the SPM site. 

4.3 Overall Optical Design 
The large field of view with excellent image quality required for LSST necessitates a 3-mirror optical 
design, with refractive optics in the camera. Traditional Cassegrain designs cannot get to low enough 
focal ratio, and traditional prime focus designs cannot control aberrations for fields much larger than ~ 1 
degree. 

The initial design for LSST (illustrated in Figure 4-2) incorporated three separate mirrors, a primary (M1), 
a secondary (M2), and a tertiary (M3). Later in the project, it was recognized that this design could be 
perturbed so that M1 and M3 were nearly coplanar (as illustrated in Figure 1.3), and could be configured 
on the same mirror blank. 

The combined M1/M3 geometry presents several obvious advantages: 

• The system is far more compact, leading to a lower cost and stiffer telescope mount. 

• The camera is moved much closer to the secondary mirror and the top-end ring, making it easier 
to interface to the rotator and the required utilities. 

• Only one large mirror blank is required using the spin cast borosilicate technology, thereby 
potentially lowering cost. 

• The combined M1/M3 has added stiffness against distortions 

However, a large mirror with two separate figures had never previously been fabricated using this 
technology. Thus this design appeared to be of higher risk. A particular concern was whether the two 
figured surfaces could be made coaxial to the required tolerances. 



LSST Camera Conceptual Design Report 

90 
 

  

Figure 4-2: Original design of the LSST optical system, incorporating three separate mirrors: M1, M2, and 
M3, plus the three refractive lenses in the camera. 

 

Figure 4-3: Revised optical design for LSST, in which M1 and M3 are nearly coplanar, and can be fabricated 
from a common mirror blank. 

A detailed trade study was undertaken leading to a final decision in June 2005. This is summarized in 
Table 4-3, in which positive attributes are highlighted in green, negative attributes are highlighted in red, 
and neutral attributes are in black. Case 4 is the design that was ultimately adopted. 



LSST Camera Conceptual Design Report 

91 
 

Table 4-3: Trade study of candidate optical designs  

 

A manufacturing study was undertaken by the Mirror Lab at the University of Arizona to assess the 
issues and costs associated with M1/M3 monolithic design in comparison to a separate M1 and M3. 
Potential risks associated with failures in the manufacturing process, unacceptable costs and delays, and 
compromised performance in the telescope were investigated. 

The following aspects were determined to present potential risks: 

• Selection of appropriate mirror thickness, within manufacturing constraints 

• Annealing the blank with excess glass over M3 

• Lifting the heavy blank from the furnace and supporting it in a vertical plane 

• Achieving co-alignment of the optical surfaces and simultaneous control of low-order 
aberrations 

However, all of these were judged to be “low”, leading to the conclusion that manufacturing processes 
already in place can produce a combined M1-M3 that gives excellent performance. The Project 
therefore made the official decision to go with the monolithic M1/M3 design with a 3.5 deg field of 
view. 
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4.4 Atmospheric Dispersion Compensation 
The term “atmospheric dispersion” refers to the fact that stars observed away from the zenith appear to 
be distorted as function of color, due to refraction in the atmosphere. The angular displacement of the 
stellar image is given by:  

δθ = (n-1) tan θ 

where θ is the zenith angle, and n is the index of refraction of the atmosphere at the wavelength in 
which the star is observed. For an observation performed over a finite wavelength interval between λ1 
and λ2, the extent of the stellar image in the direction pointing toward the zenith is:  

Δθ(λ1, λ2) = [n(λ1) – n(λ2)] tan θ 

This extent is plotted as a function of zenith angle for a selection of the LSST filter bands in Figure 4-4. As 
can be seen, at significant zenith angles, atmospheric dispersion can be comparable to the median 
seeing for the Cerro Pachon site (0.65 arc-sec), especially in the g-band. 

 

Figure 4-4: Stellar extent due to atmospheric dispersion for various filter bands, plotted as a function of 
zenith angle. The plot was made for PanStarrs, but the curves are nearly identical for LSST. 

Atmospheric dispersion can be “corrected” by imposing an additional optical element with adjustable 
dispersion into the optical train, so as to counteract the effect of the atmosphere. There are various 
ways in which this can be implemented, but one of the simplest designs incorporates a pair of zero-
dispersion prisms. The basic concept is illustrated in Figure 4-5. 
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Figure 4-5: Illustration of an atmospheric dispersion corrector concept incorporating a pair of rotatable 
prisms. 

A design of this type was developed for the LSST Camera, as illustrated in Figure 4-6. Incorporating the 
ADC between L1 and L2 requires a change in the optical design and significantly complicates the 
construction and integration of the camera. 

  

Figure 4-6: Revision to the LSST Camera optical design resulting from the incorporation of an ADC. 

A task force was convened to assess the desirability of incorporating an ADC in the camera design in 
September 2004. Calculations were presented illustrating the effects of atmospheric dispersion on PSF 
ellipticity as a function of zenith angle for each of the nominal filter bands. These were then assessed in 
terms of their scientific implications for weak lensing shape analysis, image subtraction for time 
variability studies, and photometric calibration. 
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We also considered the potential complications to PSF determination, due to the fact that the net 
compensation achieved by an ADC depends on the spectral energy distribution of the star, which is 
unknown for many of the stars that would be used for this purpose. 

A detailed candidate ADC design was presented and was determined to be feasible, although its addition 
was viewed as adding significant cost and risk to the camera. 

It was determined that if an ADC were not incorporated, then observations would have to be restricted 

to airmass values < 1.5 (θ < 48o). However, the operations simulator showed that this restriction would 
not significantly impede the sky coverage for most science investigations, with the possible exception of 
the near earth asteroid surveys. 

In the end, a final decision was taken that we would proceed without an ADC. 

4.5 Location of the Filters vis a vis the Focal Plane Array 
The most significant imaging sky survey project prior to LSST was the Sloan Digital Sky Survey. This 
incorporated a large-format CCD camera, with optical blocking filters mounted directly to the sensors 
(see Figure 4-7). The filter bands were arranged in strips, so that stellar images were allowed to trail 
across the camera, building up exposures in multiple bands simultaneously. A similar concept was 
adopted for the large focal plane for the SuperNova Acceleration Probe (SNAP) project. 

  

Figure 4-7: Schematic of the large format CCD camera for the Sloan Digital Sky Survey (SDSS). The 
different colors represent different filter bands, where the filters are mounted directly to the individual 
sensors. 

This approach was also considered for the LSST Camera. It offers several potential advantages: 
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• It eliminates the need for the filter exchange mechanism and the fabrication of large, curved 
narrow band filters. 

• All spectral colors are available at all times, which means that multicolor images of individual 
objects can be obtained in rapid succession. 

• The individual filters are small, and could be fabricated from colored glass, as opposed to using 
interference coatings. 

• Wavefront sensing and guiding could be accomplished in white light bands, allowing a larger 
selection of stars. 

However, there are also significant disadvantages: 

• The optical design of LSST requires focus adjustment for different color bands. A single coplanar 
array will not be in focus at all colors, given the current design. A redesign of the refractive lenses can 
compensate for this, but the focal ratio would likely increase, thereby reducing the etendue or blowing 
up the size of the camera. 

• Fixed filters would tie individual color measurements to specific sensors. This is undesirable for 
photometric calibration and shape measurements. One of the virtues of LSST is that a large number of 
exposures are obtained for every object in the sky. Those exposures are distributed all over the focal 
plane and over different parts of the filter. 

• Fixed filters would not allow optimization of the observing time as a function of environmental 
conditions. LSST plans to work in the r and i bands during times of good seeing, in the z and y bands 
during twilight and bright moon, in the u band during dark time, etc. The loss of observing efficiency 
would be very significant with a fixed filter design. 

For these reasons, a free-standing Filter Exchange System was deemed to be the preferred solution, as 
in the current design. 

Lower-level trade studies predicated on this free-standing design are discussed in Chapter 14. 

4.6 Use of a Vacuum Cryostat versus a Gas-Filled Dewar 
Early designs of the LSST Camera recognized the need for an extremely large focal plane with an outer 
diameter approaching 50 – 60 cm. It was believed that an evacuated Dewar would create significant risk 
of fracture for a flat entrance window of that size. The estimated force on the window was 14 tons. To 
accommodate that force would require a window sufficiently thick as to produce unacceptable 
chromatic aberrations. 

Instead, a Xenon-filled inner Dewar was advocated (see Figure 4-8). As an inert gas, xenon has low 
thermal conductivity, and back of the envelope calculations suggested that the required cooling of the 
focal plane could be achieved with conventional techniques. However, at the time a focal plane 
operating temperature of -40°C was assumed. This design is much more difficult to accommodate at the 
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presently estimated operating temperature of -100°C. In addition, there are concerns that turbulent 
convection in the xenon can affect seeing at different elevation levels. Finally Xenon purity is an issue, 
since a small admixture of water vapor will condense on the detectors. 

 

Figure 4-8: An early concept for the LSST Camera, in which a Xenon-filled Dewar protects the detector 
array. Outside this Dewar is a dry Nitrogen-filled can housing the filter and shutter mechanisms. 

Because of these concerns, the Xenon filled Dewar design was abandoned when it was shown that an 
alternate optical design allowed for the placement of a thick lens (L3, central thickness 6 cm) as the 
entrance window of the Cryostat. With the focal plane mounted close to this lens, chromatic aberrations 
could be controlled. 

Finite element modeling (Figure 4-9) showed that the design of L3 could withstand the pressure forces 
with acceptable safety margin. However, there is a distortion of L3 when the cryostat is brought under 
vacuum, which means that there must be precompensation in the initial figuring of this lens. 
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Figure 4-9: Finite element model (upper) and plot of maximum principal stress (lower) for L3 acting as a 
vacuum seal. 

4.7 Modularity of the Focal Plane 
The modular design of the focal plane, where the sensors are assembled on to rafts which are then 
integrated into the cryostat, is unusual for large astronomical cameras. Most precursor experiments 
have adopted monolithic designs, where individual sensor packages are mounted directly to a single 
integrating grid structure. A recent example is the Dark Energy Survey camera, a partially populated 
version of which is depicted in Figure 4-10. 

 

Figure 4-10: The partially populated focal plane for the Dark Energy Survey camera, illustrating the single 
monolithic array of sensors 

The monolithic focal plane design offers some advantages: 
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• There is no intermediate structure contributing to the flatness tolerances. 

• Maintaining focal plane temperature uniformity is easier. 

As well as some significant disadvantages: 

• The sensor array cannot be tested as a system until final integration into the grid assembly. The 
possibility for unanticipated surprises with such a large number of sensors being integrated in a short 
period of time is a concern. 

• There is a significant danger of excessive crosstalk with this design. 

• Replacement of a sensor requires access to the entire focal plane. Enabling the connections for 
an interior sensor without disturbing the others would be challenging. 

In contrast, the modular approach allows: 

• Assembly and testing of a single raft as a stand-alone 12K x 12K camera. 

• Minimal crosstalk and interaction between neighboring rafts. 

• Final integration involves only the placement of the rafts onto the grid. Each individual raft is 
removable without disturbing the others. 

• The distribution of effort with raft assembly and testing at BNL, and camera integration and 
testing at SLAC provides an efficient use of manpower. 

Given the very large number of sensors required, and the complexity of the LSST camera, it was decided 
that the modular approach was the preferable option. 

4.8 Incorporation of the Back-End Electronics Outside the Cryostat 
Conventional astronomical cameras have generally incorporated as few electronic elements as possible 
inside the cryostat. Advantages of that approach include: 

• Keeping the cryostat volume small, reducing pump-down time and easing cooling requirements. 

• Avoiding the presence of sources of contaminants in the cryostat (circuit boards, cabling), which 
can outgas hydrocarbons that can coat the surface of the detectors. 

• Enabling flexible refurbishment and maintenance, because failed electronic components can be 
changed out without breaking vacuum. 

For LSST, this approach was investigated, but there are also significant challenges: 

• The high degree of segmentation required for the 2-sec readout implies a very large number of 
electronics channels, ~ 3200 for the full array, requiring ~ 10,000 vacuum feedthroughs. Incorporating 
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such a large number of feedthroughs would create very significant risk for the project, both in terms of 
potential vacuum leaks and connector failure. 

• There is no space for electronics boxes on the sides of the Dewar, as is the standard practice for 
other cameras. All connections would have to come through the back flange. 

• The cabling to the front-end electronics must be kept as short as possible to maintain the tight 
electronic noise specs. This alone would require that the front-end cards must be incorporated in the 
cryostat. 

• The modular approach that has been adopted would be far less convenient in a design with a 
separate back-end. 

Reliability analyses were performed, which showed that electronics failures on the back-end cards 
should be rare, so that the convenience of maintaining the back-end if it were located outside the 
cryostat was judged to less important in evaluating this trade-off.  In addition, we concluded that the 
risk of contamination can be mitigated by vacuum testing all as-built cryostat parts before they are 
integrated with the sensors. Given these considerations, the integrated cryostat approach that underlies 
our current design was judged to be the better solution. 

4.9 Summary 
Only a selection of the many design trades that were considered for the LSST system as a whole, and for 
the camera, specifically, are described in this chapter. However, in all cases, similar value engineering 
practices were followed in the decision making process: We identified distinct alternatives, listed 
advantages and disadvantages of all options in terms of performance, risk, and cost, and then down-
selected accordingly. The integrated design has benefitted from this process, and we believe we have 
settled on an optimal and robust camera design, which meets our science objectives. 
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5 LSST Design Overview 
This chapter summarizes the LSST’s design, drawing largely on the NSF report “Construction of the Large 
Synoptic Survey Telescope” and concentrating on those elements of the LSST design most relevant to 
this Camera Conceptual Design Report.  

A large and integrated team of scientists and engineers from the astronomy and particle physics 
communities has been assembled to translate the LSST concept into an achievable system design. An 
extensive design and development (D&D) program has been funded partly by a grant from the National 
Science Foundation and partly by in-kind resources at the partner institutions. The D&D effort, which 
has been underway for a number of years and will continue until the onset of construction, includes 
structural, thermal, and optical analyses of all key hardware subsystems, vendor interactions to 
determine manufacturability, explicit prototyping of high-risk hardware and software elements, and 
extensive systems engineering studies. Over 100 technical personnel at a range of institutions are 
currently engaged in this program. The design that has emerged from the D&D effort is summarized in 
the following paragraphs. Table 5-1 presents a selection of the high-level system design parameters.  
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The LSST optical design has been optimized to yield a very large field of view (9.6 deg2), with seeing-
limited image quality, across a wide wavelength band (320-1050 nm). Incident light is collected by the 
primary mirror, which is an annulus with an outer diameter of 8.4 m, then reflected to a 3.4-m convex 
secondary, onto a 5.0-m concave tertiary, and finally into three refractive lenses in a Camera. This is 
achieved with an innovative approach that positions the tertiary mirror inside the primary mirror 
annulus ring, making it possible to fabricate the mirror pair from a single monolithic blank using 
borosilicate glass. The secondary is a thin meniscus mirror, fabricated in an ultra low expansion material. 
All three mirrors will be actively supported to control wavefront distortions introduced by gravitational 
and environmental stresses on the Telescope. 

The telescope mount is a compact, stiff structure with a fundamental frequency of 8 Hz, which is crucial 
for achieving the fast slew-and-settle times that the survey strategy requires. The telescope sits on a 
concrete pier within a carousel dome that is 30 m in diameter.  The dome has been designed to reduce 
dome seeing (local air turbulence that can distort images) and to maintain a uniform thermal 
environment over the course of the night.  

Based on the recommendation of an international site selection committee, the LSST Observatory will 
be sited atop Cerro Pachon in northern Chile, near the Gemini South and SOAR telescopes. This is a 
developed NSF site, administered by the Associated Universities for Research in Astronomy (AURA).  

The LSST Camera provides a 3.2-gigapixel flat focal plane array, tiled by 4K x 4K CCD sensors. The sensors 
are deep-depleted, back-illuminated devices with a highly segmented architecture that enables the 
entire array to be read out in 2 seconds. Detectors are grouped into rafts in 3 x 3 arrays, each containing 
its own dedicated front-end and back-end electronics boards. The rafts are mounted on a silicon carbide 
grid inside a vacuum Cryostat, with an intricate thermal control system that maintains the CCDs at an 
operating temperature of -100 ºC.  

The entrance window to the cryostat is the third of the three refractive lenses in the Camera. The other 
two lenses are mounted in an optics structure at the front of the Camera body, which also contains a 
mechanical shutter and a carousel assembly that holds five large optical filters. A sixth optical filter can 
replace any of the five via a procedure accomplished during daylight hours.  

The rapid cadence of the LSST observing program will produce -15 terabytes of image data per night, 
leading to a total image archive over the ten years of operations of several tens of petabytes. Processing 
such an enormous volume of data, converting the raw images into a faithful representation of the 
universe, and archiving the results in useful form for a broad community of users is a major challenge for 
the project.  

The Data Management System is (DMS) configured in three layers: an infrastructure layer consisting of 
the computing, storage, and networking hardware and system software; a middleware layer, which 
handles distributed processing, data access, user interface, and system operations services; and an 
applications layer, which includes the data pipelines and products and the science data archives. There 
will be both base computing facilities and a central archive facility and multiple data access centers. The 
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data will be transported over existing high-speed optical fiber links from South America to the United 
States.  

Table 5-1: The LSST Design Configuration Parameters 

 

The LSST observing strategy will be optimized to maximize the scientific throughput by minimizing slew 
and other downtime and by making appropriate choices of the filter bands given the real-time weather 
conditions. A simulator has been developed to evaluate this process, and during the construction phase 
of the project, it will be transformed into a sophisticated observations scheduler. 

Parameter
System:
Etendue (AW )

Field of View
Effective clear aperture (On-Axis)
Wavelength coverage (FWHM)
Number of active filters in camera
Filter set
Telescope & Site:
Configuration
Final f-ratio & Plate scale
Diameter of optics (physical)
First camera lens; focal plane diam. 
Residual design aberrations (arcsec)
  mean 80% encircled energydiameter for each 
filter band

u = 0.26 g = 0.26 r = 0.18 i = 0.18 z = 0.19 y = 0.20

Camera:
Pixel size; pixel count
Readout time
Dynamic range
Camera rotation range
Focal plane device configuration
Filter change time
Data Management:
Real-time alert latency
Raw pixel data/night
Yearly data archive rate (compressed):
Computational requirements

Communications Bandwidth

Survey Capability:
Sky coverage
Single-visit depths (point source; 5σ AB mag) u = 23.9 g =25.0 r = 24.7 i = 24.0 z = 23.3 y = 22.1
Visit disitribution over 10 yr (median) u = 56 g = 80 r = 184 I = 184 z = 160 y = 160
10-yr coadded depths (point source; 5σ AB mag) u = 26.3 g = 27.5 r = 27.7 I = 27.0 z = 26.2 y = =24.9
Photometry accuracy (rms mag)
Astrometric accuracy at r=24 (rms)

Configuration

f/1.234; 50 microns/arcsec
M1 = 8.40m

u,g,r,I,z,y

60 seconds

3-mirror; alt-azimuth

10 microns (0.2 arcsec); 3.2 Gpixels
2 sec 
16 bits

M2 = 3.40m M3 = 5.02m
Lens L1 = 1.55m FPA = 0.64m

319 m2degrees2

3.5 degrees (9.6 square degrees)
6.7 m (accounting for obscuration)
320 nm to 1050 nm
Five

27,000 degrees2 (total); 18,000 degrees2 (Main Survey)

repeatability: 0.005; zeropoint: 0.01
parallax: 3mas; proper motion: 1 mas/yr

±90 degrees
4-side buttable, >90% fill factor
120 seconds

Images: 6.6 PB; Catalogs: 2.7 PB
Telescope site: < 1Tflop; Base center: 30 Tflop 
Archive Center: 330 Tflop by year 10; Data Access Centers: 50 
Tflop by year 10

Telescope to La Serena: 40 Gbits/sec 
La Serena to archive: 2.5 Gbits/sec avg. (10 Gbits/sec peak)

13.5 TB
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5.1 Optical System Design 
The LSST optical design, shown in Figure , is a 3-mirror system that follows the concepts of the well-
known Mersenne-Schmidt family of designs that produces large fields of view with excellent image 
quality (Paul 1935; Baker 1969; Rumsey 1969; Willstrop1984; Angel et al. 2000; Seppala et al. 2002). The 
effective focal length of the optical system is 10.3 m, producing a final focal ratio of f/1.23. The image 
plate scale is 50 μm per arcsec. The annular geometry of the primary mirror (M1) produces 35 m2 of on-
axis collecting area, equivalent to a 6.7 m diameter unobscured clear aperture. The LSST etendue 
(including the effects of vignetting) is 319 m2deg2.  

 

Figure 5-1: The optical design configurations showing the Telescope (left) and Camera (right) layouts. 
Diffraction images for three field radii, 0, 1.0, and 1.75 degrees, are shown in boxes 0.6 arcseconds square 
(3x3 pixels). 

The M1 is 8.4 m in diameter with a 5.1 m inner clear aperture to accommodate the 5 m diameter 
tertiary mirror (M3). The relative positions of M1 and M3 were adjusted during the design process to 
enable fabrication on a single substrate. The two surfaces intersect smoothly within a 50 mm diameter 
radial band. This region between the mirror clear apertures will be baffled. The 3.4-m convex secondary 
mirror (M2) has a 1.8 m inner opening to enable LSST Camera installation.  

The three reflecting mirrors are followed by a 3-element refractive Camera system, whose 3 lenses – L1, 
L2, and L3 - correct field flatness and chromatic aberrations. The 3.5-degree field of view (FOV) covers a 
64 cm diameter flat focal surface. The selected spectral filter is located between the second and third 
refractive lens as shown in the right side of Figure 4-4.  

The image brightness is constant within 1% to a field radius of 1.2 degrees and gradually decreases 
outward by about 10% to the 1.75-degree field edge. The intrinsic image quality from this design is 
excellent. The 80% encircled energy is <0.3" in all spectral bands and <0.2" in the r and i spectral bands 
across the full FOV. The design also has very low geometrical distortion, <0.1% over the full FOV, making 
the LSST an excellent system for positional astrometry.  
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There are five aspheric surfaces in the optical design: the three mirror surfaces and one surface each on 
L2 and L3. The concave asphericity of M1 and M3 are within standard fabrication methods used for 
astronomical mirrors. During the design process, the asphericity of M2 was minimized to 19 μm of 
departure from the best-ft sphere to reduce technical challenges in optical fabrication of this large 
convex optic.  

The three fused-silica Camera lenses are large in size, with clear apertures of 1.55 m, 1.10 m, and 0.72 
m, but do not present any particular fabrication challenge. The last refractive element, L3, is used as the 
vacuum barrier to the detector cryostat. The central thickness of L3 is 60 mm to ensure a comfortable 
safety margin in supporting the vacuum stresses.  

The fused-silica spectral filter is located between L2 and the shutter/L3. The 0.76 m diameter filter 
thickness varies from 13.6-26.6 mm depending on the choice of spectral band and is used to maintain 
the balance of lateral chromatic aberration. The low power meniscus shape of each filter keeps the filter 
surface perpendicular to the chief ray over the full field of view. This feature minimizes shifting of the 
spectral band wavelength with field angle.  

5.1.1 Atmospheric Dispersion Correction (ADC)  
An ADC requires additional components and complexity within the Camera, complicates the filter 
designs, and has the unwanted potential to reduce image quality. Without an ADC, image elongation in 
the direction of the parallaxes angle results in a certain amount of PSF ellipticity. 

 

Figure 5-2: Ellipticity vs. Zenith Angle for LSST Filter Bands 

The need for an ADC was analyzed using the following considerations:  

• Available survey area versus zenith angle and observatory latitude  
• Dispersion-induced PSF ellipticity versus zenith angle and filter specifications  
• Feasibility of the ADC optical design and resulting image quality  
• Impact on primary scientific methods for weak lensing and optical transient detection  
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From Cerro Pachon, the 18,000 square degrees of main uniform survey area are viewable above a 45 
degree zenith angle. Using the Filippenko (1982) dispersion model in 0.6 arcsec seeing, the limiting PSF 
ellipticity (e = 0.04) is reached at a zenith angle of 43 and 66 degrees in the r and i spectral bands, 
respectively (Figure 5-2). Just -250 square degrees (i.e., -1.25% of all data), would exceed the mean 
ellipticity requirement in the r-band, which is acceptable per SRD requirements (note there are no g-
band image ellipticity constraints). Still, an ADC optical design was assessed using prisms of PSK3 and 
LLF6 glass types. While feasibility was demonstrated, the detrimental effect on methods used in weak 
lensing caused by reduced image quality surpassed the small amount of resultant ellipticity. As a result 
of these analyses, the LSST design does not include an ADC. (Claver and Sweeney 2005)  

5.1.2 Alignment Sensitivities Analysis  
A critical aspect of any large optical telescope design is the ability to sense and align the system to 
achieve the theoretical performance, given reasonable optical tolerances and conditions. Code-V and 
Monte Carlo techniques were used to evaluate the alignment sensitivities and correctability of the LSST 
design given expected fabrication, assembly, and operational (i.e. gravity, thermal, and wind loading) 
tolerances. These simulations also generate error budget allocations, system and component tolerances, 
and provide validation of the compensation strategy. Theoretical system performance can be achieved 
utilizing the correct static (i.e., one-time) and dynamic (i.e., during operation) compensators.  

The LSST optical prescription is described by 77 parameters defining radii, conic constants, aspheric 
terms, thicknesses, and rigid-body displacements (LSST Document-1361). Of the 77 parameters, the 
system compensation utilizes static control over axial spacing of two elements and dynamic control over 
the M2 and Camera assemblies via hexapods in 5 degrees of freedom each (X, Y, Z, eX, and eY). In 
addition, the surface figures of all three mirrors are actively controlled.  
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Figure 5-3: Results from Monte Carlo alignment simulation including rigid body displacements and mirror 
surface deformation show the LSST optical system is controllable to the SRD specifications. 

Figure 5-3 shows a typical result of the Monte Carlo alignment exercise. The optical system is initially 
uncorrected (i.e., misaligned) with an 80% encircled energy of 20 arcsec. Using only the compensators 
discussed above, the system is corrected (i.e., aligned) to a mean encircled energy of 0.2 arcsec. This is 
comfortably below its allocation in the error budget (0.3 arcsec for the system).  

Control of PSF ellipticity is of vital importance in controlling systematic errors for the science missions. 
Ellipticity is tracked in the simulations referenced to 0.6 arcsec atmospheric seeing by convolving the 
diffraction image with a 2-D Gaussian having a FWHM equal to the seeing. Figure 5-4 shows the 
cumulative ellipticity probability distribution in the i-band. For an optical system aligned with the 
compensators only, the residual ellipticity introduced by the optical system is well below the SRD 
specification that 50% of the PSF signatures have a residual ellipticity of 0.04 or less due to all effects. 
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Figure 5-4: Cumulative ellipticity probability predicted by Monte Carlo simulation 

5.1.3 Active Optics System 
Mirror figure control and alignment is performed by the Active Optics System (AOS). The AOS utilizes 
image data from four wavefront sensors embedded in Camera raft towers on the focal plane periphery, 
look-up tables derived from a model of the mount, and an independent laser tracker alignment system. 
The fast beam of the LSST optical design results in large single source beam footprints on each of the 
three mirror surfaces: 100%, 88%, and 74% of the clear aperture on M1 (the entrance pupil), M2, and 
M3, respectively. Thus, low order surface errors on the mirror cause slowly varying aberrations across 
the field of view. This in turn allows wavefront sensors from the field edge to accurately determine the 
necessary corrective measures to maintain the interior image quality. Figure 5-5 shows the basic flow of 
information, feedback processes, and rates required to maintain high quality images. The Monte-Carlo 
analysis discussed earlier included wavefront sensing and correctability parameters to qualify the LSST 
hardware and control approach.  
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Figure 5-5: Block diagram of the active optics system with major components and control channels 

Curvature sensing will be employed to measure wavefront aberrations via the irradiance transport 
equation (Roddier and Roddier 1991). The four wavefront sensor detectors will be positioned +/-1 mm 
about best focus and will be sized to acquire 86 square arcminutes of field. This sky coverage will ensure 
100% probability of capturing a star image of sufficient brightness in all filter bands (97% in the u band). 
An image processing algorithm will construct a master intra- and extra-focal image from the many 
sources that land on each half of the sensor sets. The optical aberrations from the telescope are nearly 
constant across the wavefront sensors, and the atmosphere is decorrelated from star to star. This allows 
the residual wavefront error caused by the atmosphere in the 15-second exposures to be effectively 
eliminated by combining multiple images. The performance of this approach has been demonstrated 
using data acquired on the sky with a similar focal ratio telescope, the Large Binocular Telescope (LBT) at 
prime focus, and is used routinely on the VISTATelescope (Clark 2004; Patterson 2004.) Figure 5-6 
depicts the process and shows the very similar results compared to conventional single-source solutions.  
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Figure 5-6: Example of LSST-like wavefront sensing from 8.4-m LBT data 

Algorithms and software for arbitrary pupil geometries, such as the LSST annular shape, has been 
developed (Lang 2006). The output of this library of Matlab routines, with the vignetted pupil that will 
be seen by the curvature sensors at the outer edge of the focal plane. Computed wavefront aberrations 
at each sensor will feed an error reconstruction routine, which will determine both figure and rigid body 
corrections. This routine uses a tomographic approach to isolate the offending element in the optical 
system or to select the best option in the rare case that multiple options for correction are possible. 
Rigorous analysis has shown that four wavefront sensors on the focal plane periphery are sufficient to 
provide active alignment correction in a single iteration and to isolate figure corrections for each mirror. 
(Phillion et al. 2006).  

The Camera’s inputs to the wavefront correction system are summarized at greater length in Chapter 6. 
A detailed discussion of the wavefront sensor design is presented in Chapter 10. The architecture of the 
Corner Rafts is discussed at length in Chapter 12. 

5.1.4 Calibration Hardware  
The photometric requirements for the survey data place challenging specifications on the functionality 
of the calibration flat fields and also require that the optical transmission function of the atmosphere be 
measured. These requirements are achieved by careful attention to the full instrumental throughput 
characterization via a calibration dome screen and real-time monitoring of the atmosphere with an 
auxiliary calibration telescope and a bore-sighted IR camera.  

5.1.4.1 Dome Screen  
The LSST dome screen will uniformly illuminate the entire 8.4 meter telescope pupil over its full field of 
view at desired monochromatic wavelengths to provide a measurement of the total system throughput 
from entrance pupil to the digitization of charge in the Camera electronics. This approach accounts for 
the reflectivity of the mirrors, transmission of the refractive optics and filters, the quantum efficiency of 
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the sensors in the Camera, and the gain and linearity of the sensor read-out electronics (Gressler 2010). 
The dome screen resides within the enclosures and provides routine operation during calibration cycles.  

The dome screen is made from an array of discrete projectors illuminated by a tunable narrow-band 
laser and broad-band quartz source. The system itself is calibrated using National Institute Standards 
and Technology (NIST) qualified photodiode detector in lieu of a celestial calibration source. The 
individual projector optical system consists of a fiber-fed collimator, which illuminates a diffuser that 
provides a flat-top profile. Relay optics reimage the diffuser at the focus of a glass Fresnel lens, which is 
then reimaged onto the Camera focal plane. The relay optics reduce stray light and make every pixel on 
the detector integrate the light from every point on the diffuser, so the focal plane uniformity is 
dependent on the diffuser intensity rather than its irradiance.  

5.1.4.2 Calibration Telescope  
Real-time monitoring of the atmospheric optical transmission function is accomplished with the 
calibration telescope. This telescope will be located on the small hill adjacent to the main Telescope (-
200 m) and at the same altitude. It will be remotely operated from the control room of the main 
Telescope using the same controls software system. The Calypso telescope mount and mirrors currently 
located on Kitt Peak will be refurbished, transferred to Chile, housed in a new building, and become the 
LSST calibration telescope. This telescope is a 1.2 m diameter high image quality and throughput 
Ritchey-Chretien design that meets the requirements for atmospheric monitoring. A low to mid-
resolution spectrometer will be used as the main instrument to measure the atmospheric transmission 
over the spectral range of the LSST Camera. These data will be fed into a MODTRAN model of the 
atmosphere to provide a continuous estimation of atmospheric extinction. In addition to the extinction 
model developed from the calibration telescope, the LSST Telescope will carry a bore-sighted IR camera 
with a 3-4 degree FOV to provide atmospheric extinction for every science image directly. 

5.2 Site 
The LSST Observatory is distributed over four sites: the Summit Site, the Base Site, the Archive Site, and 
the Project Headquarters. Table 5-2 lists the location, features, and function of each site, and the LSST 
team responsible for the subsystem components at each site. While the sites are geographically 
distributed, they are all functionally integrated. Dedicated high-bandwidth fiber optic lines connect the 
summit and base, with the others connected through secure shared networks. Control functions are 
distributed for operational efficiency and to provide robust, reliable, safe operation.  

During operation, the LSST Project will broadcast near real-time transient alerts within one minute of 
image collection. Digitally processed images and feature catalogs will be available to the U.S. and 
Chilean communities via the Internet within 24 hours. Full data product releases are scheduled every 
year.  
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Table 5-2: The LSST Observatory sites and the functions located at the site.  

 

The LSST Summit Site is El Penon peak on the Cerro Pachon ridge in Northern Chile (Figure 5-7). El Penon 
is located 400 km north of Santiago and 57 km southeast of La Serena on property owned by the 
Association of Universities for Research in Astronomy (AURA), Inc. n ridge with El Penon peak and the 
two observatories currently in operation there-the 8.2-m Gemini South and 4.1-m SOAR telescopes. The 
base facility for LSST operations in Chile will be located in La Serena within the AURA owned and 
operated compound. The archive center will be based at NCSA in Illinois, with the LSST headquarters 
residing in Tucson, Arizona.  
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Figure 5-7: A satellite view showing the relation between Cerro Pachon and La Serena. The upper right panel 
shows distances to nearby towns and cities from the El Penon site within the AURA property boundary (red). 
The inset (lower left) shows the Cerro Panchon ridgeline viewed looking southeast showing the LSST site at 
El Penon in relation to SORA and Gemeni South. 

Extensive on-site characterization measurements have shown that El Penon has excellent observing 
conditions that satisfy the LSST survey requirements. Seeing measurements performed over five years 
with a Differential Image Motion Monitor (DIMM) have indicated a median zenith pointing image quality 
of 0.70 arcsec after instrumental correction. The expected median delivered image quality is 0.56 arcsec 
using an outer scale of turbulence of 26 m computed from a preliminary data analysis of on-site 
microthermal sensors measurements (Figure 5-8).  

 

Figure 5-8: The distribution of Differential Image Motion Monitor (DIMM) atmospheric seeing at zenith 
(blue) and expected delivered image quality for an outer scale turbulence of 26 m (red) 
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Favorable meteorological conditions exist on site where a predominant northern wind direction 
dominates the wind rose, with wind speeds mainly between 3 and 12 m/sec. The mean temperature is 
11 ºC (rarely going below freezing) with median temperature gradients during the night below 1 ºC/hour. 
Observatory logs for the past ten years show ~85% usable nights on Cerro Pach6n.  

5.3 Enclosure and Support Building 

5.3.1 Summit Facility 
The LSST summit facilities, shown in Figure 5-9, will be sited on AURA property atop the El Penon 
summit of the Cerro Pachon ridge approximately 1.5 km SSW of the Gemini and SOAR observatories 
(Barr 2005 and ARCADIS 2010). Proximity to these two recently completed observatories affords access 
to developed site infrastructure, proven bearing conditions, and predictable site construction logistics. 
Access to the site is via the existing main road from below and a 1-km provisional access road; the latter 
will be improved as required. Utilities (electric power, communications, and water) will be extended 
approximately 1.3 km from the common Cerro Pachon utility yard near Gemini. An existing shared 
dormitory and dining facility on Cerro Pachon will be expanded as needed to accommodate LSST 
requirements (AURA 2006).  

 

Figure 5-9: Artist’s rendering of the LSST and dome enclosure with the attached summit support buildings 
and the LSST calibration telescope shown on an adjacent peak 

The support facility consists of three primary elements: the Telescope lower enclosure, a platform lift, 
and an attached service and operations building. The overall layout is designed to keep heat-producing 
equipment and conditioned spaces, such as the control room and computer rooms, away from the 
Telescope area; the linear design also allows for efficient, protected circulation of equipment and 
personnel. 
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The layout of the main level of the service building is shown in Figure 5-10 (ARCADIS 2010). Almost all 
maintenance of the optics and Camera for the LSST will be performed here. Mirror recoating and major 
Camera maintenance can be carried out concurrently in order to minimize downtime.  

 

Figure 5-10:  Layout of Primary Service and Operational Areas in the Summit Support Facility 

The summit facility includes the control room, data/computing room, and offices. These conditioned 
spaces are located at the farthest end of the building, 70 m away and 25 m below the telescope base. A 
personnel elevator provides access to the service building above, both at the main service floor level and 
at a mezzanine level where an interior corridor leads directly to the telescope enclosure.  

5.3.2 Telescope Dome  
The telescope dome will be a rotating cylindrical structure, 30-m in diameter, supported by a fixed lower 
enclosure (Vertex 2006; EIE 2008). In addition to its normal functions of protecting the telescope against 
weather and providing housing for support, maintenance, and other equipment, the LSST dome satisfies 
the critical need for light baffling necessitated by the telescope's wide field-of-view and the system's 
rapid retargeting cadence. The major components of the dome are:  

• Carousel: The primary protective shell of the dome; a faceted, cylindrical housing made of insulated 
metal panels supported on a structural steel framework.  
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• Observing aperture shutters: Two L-shaped sliding doors that open to provide an 11-m diameter 
observing slit.  

• Wind screen/light baffle: The wind screen serves as a light baffle to form an 11-m aperture and 
provides the first level of protection against wind and extraneous light sources.  

• Ventilation: Openings in the vertical faces of the carousel with operable louver panels to allow 
controlled natural ventilation of the telescope area during observing configured with baffle structures to 
prevent direct light passage.  

• Rotation system: The drives, wheels, and control system that rotate the dome slit to any required 
azimuth position. The observing cadence, which is dictated by the science requirements, demands faster 
than normal dome drive speeds and special strategies, as described below.  

• Dome crane: A 20-ton bridge crane mounted to the arch girders of the dome, which is used to service 
the Camera and other telescope-mounted equipment.  

• Mirror/Camera door: A 10-m wide service door at the back of the dome to allow passage of the 
mirrors and Camera onto a platform lift for conveyance to and from the service areas below.  

 

Figure 5-11: Mirror removal configuration (left) and normal observing (right) 

The dome design provides adequate space for internal handling operations and interfaces with an 
exterior platform lift, while minimizing interior air volume and keeping the structure lightweight and 
agile. The views of the dome depicted in Figure 5-12 show the normal observing configuration (right) 
and the position used for removal of the primary mirror (left). Removal of the mirror and Camera are 
the two maintenance activities requiring the most radial space.  
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5.4 Telescope Mount 
The LSST telescope is a compact, stiff structure with a powerful set of drives, making it one of the most 
accurate and agile large telescopes ever built (CSA and VRSI 2006). The mount is an altitude over 
azimuth configuration (Figure 5-12). The telescope structure is a welded and bolted steel system 
designed to be a stiff metering structure for the optics and a stable platform for observing (Neill and 
Krabbendam 2010). The primary and tertiary mirrors are supported in a single cell below the elevation 
ring; the Camera and secondary mirror are supported above it. The design accommodates some on-
telescope servicing as well as efficient removal of the mirrors and Camera, as complete assemblies, for 
periodic maintenance.  

 

Figure 5-12: Configuration of the Telescope mount showing several subsystems and key attributes with a 
translucent pier. 

The stiffness of this innovative design is key to achieving a slew and settle time that is beyond the 
capability of today's large telescopes. The motion time for a nominal 3.5-degree elevation move and a 7-
degree azimuth move is five seconds. In two seconds, a shaped control profile will move the telescope, 
which will then settle down to less than 0.1 arcsec pointing error in three seconds. All sky pointing 
performance will be better than 2 arcsec, an important efficiency parameter. Accurate pointing is key to 
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tracking performance which, particularly for the LSST's wide field-of-view, directly impacts trailing and 
imaging systematics. 

 

Figure 5-13: This 21-ton assembly, supported with 16 thin struts for minimal optical obstruction, carries the 
Camera and secondary mirror 

The top end assembly, shown in Figure 5-13 in cross section, provides the support system for the 
Camera and the secondary mirror (Neill 2010a). These systems will be mounted on independent 
hexapods to adjust rigid body positions in 5 degrees of freedom providing high accuracy and 
repeatability, (Neill 2010b; Neill 2010c). The Camera support will also include a rotator to provide +/- 90 
degrees of motion for de-rotating the field-of-view during tracking.  

The Telescope is outfitted with light baffles and surface treatments necessary to prevent out-of-field 
and incident light from reaching the focal plane. Figure 5-14 shows the system stray light model, 
developed in FRED™, which was used to assess this critical wide-field issue. A point source transmittance 
calculation has evaluated the out-of-field stray light rejection and secondary ghost image performance. 
The design's critical surfaces have been identified. 
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Figure 5-14: Detailed LSST FRED model analyzed for stray light and ghosting performance of the system. 
Green in the figure represents all projected light paths as seen by the detector. 

5.5 Observatory and Telescope Control Systems 
The LSST will include an Observatory Control System (OCS) to orchestrate and control all aspects of the 
observatory operation, including science observations, calibration, engineering, monitoring, and 
maintenance. The OCS is responsible for high-level observatory operations, including user interfaces, 
scheduling, resource allocations and system monitoring. Through the OCS, the LSST system can be 
started, monitored, adjusted and stopped, both locally and remotely. The OCS also provides the 
connecting infrastructure for the system. It is the physical "glue" and coordinator of the subsystems in 
the LSST: the telescope control system (TCS), the Camera control system (CCS), the data management 
system (DMS), and the calibration/auxiliary control system (CACS), (Schumacher 2009).  

There is a regular daily cadence to the operations of the observatory in terms of data acquisition, 
engineering, calibration, and science. The OCS must support all these activities, including the handover 
between them. An operator taking responsibility for the telescope at night must be able to see at a 
glance what the state of the control system is, just as an engineer on the morning shift needs to know 
how the telescope and instrument have been left by the night time users.  

The Camera has critical interfaces to the Telescope Control System. The TCS is responsible for the 
control of the Telescope assembly and associated hardware, to accomplish the tasks of acquiring a 
target on the sky, tracking it during an observation, and correcting wavefront aberrations. The TCS is the 
central coordination facility for the delivery of high quality field images to the Camera. It is responsible 
for the precise pointing and tracking calculations necessary to observe a certain field. The TCS does not 
itself operate any mechanical component; rather it delegates this responsibility to the various telescope 
subsystems and manages them according to the observation requests. The TCS itself will be controlled 
either directly by a Telescope operator, or by commands initiated by the Observatory Control System 
(OCS). Its role, therefore, is to act as intermediary between the observer(s) and the Telescope hardware, 
translating high level user commands into low level subsystem commands.  
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5.6 Data Management System 
The data management challenge for the LSST Observatory is to provide fully-calibrated public data to 
the user community to support the frontier science described in Chapter 2, while simultaneously 
enabling new lines of research not anticipated today. 

Processing and storage activities are distributed across four types of DMS centers: the Mountain 
Summit, Base Center, Archive Center, and Data Access Centers, as shown in Figure 5-15. Connecting all 
the facilities are long-haul communications networks. 

 

Figure 5-15: Facility distribution for the DMS showing data flows 

The principal functions of the DMS are to:  

• Process the incoming stream of images generated by the Camera system during observing to archive 
raw images, transient alerts, and source and object catalogs. As the crosstalk-corrected image data is 
received at the Base Center, it is processed for alert generation. At the same time, the raw images are 
transferred from the Mountain Summit to the Base Center and are streamed to the Archive Center over 
the course of the night and the next day; the transfer must be completed before observing is started for 
the next night. 
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• Periodically process the accumulated survey data to provide a uniform photometric and astrometric 
calibration, measure the properties of fainter objects, and classify objects based on their time-
dependent behavior. All data releases are archived for the entire operational life of the LSST archive.  

• Periodically create new calibration data products, such as bias frames and flat fields, which will be 
used by the other processing functions.  

• Make all LSST data available through an interface that utilizes, to the maximum possible extent, 
community-based standards such as those being developed by the International Virtual Observatory 
Alliance (IVOA).  Provide enough processing, storage, and network bandwidth to enable user analysis of 
the data without petabyte-scale data transfers.  

LSST mages, catalogs, and alerts are produced at a range of cadences in order to meet the science 
requirements. Alerts are issued within 60 seconds of completion of the second exposure in a visit. Image 
data will be released on a daily basis, while catalog data will be released at least twice during the first 
year of operation and once each year thereafter. 

Two general classes of events can trigger an alert. The first is an unexpected excursion in brightness of a 
known object or the appearance of a previously undetected object such as a supernova or a GRB. The 
astrophysical time scale of some of these events may warrant follow-up by other telescopes on short 
time scales. These excursions in brightness must be recognized by the pipeline, and the resulting alert 
data product sent on its way within 60 seconds. The second event class is the detection of a previously 
uncatalogued moving solar system object. The LSST scheduler system may not generate another 
observation of this object for some days; again, prompt follow-up may be appropriate, but in this case, a 
one-hour latency is acceptable. 

Image data are read out and cross-talk corrected on the Summit and delivered via fiber link to the DMS 
Base Site by the Camera Data Acquisition System (DAQ). Each Camera image, which must be read out in 
2 seconds, is 6 GigaBytes in size. The Observatory must be capable of operating for a specified period 
without Base Camp support; therefore, the Camera DAQ subsystem provides a storage array capable of 
buffering up to two days of images (~60 TBytes) using a storage system that satisfies stringent failure 
requirements. The Camera DAQ subsystem delivers cross-talk corrected images as they are taken as well 
as buffered “raw,” uncorrected image data on request from the DMS. Images are “tagged” with 
sufficient metadata to uniquely identify them in time and space, with time tagging at sufficient 
resolution to allow correlation with any Observatory event. 
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6 Camera Design Overview 

6.1 Introduction 
This chapter summarizes the baseline design of the LSST Camera, covering Camera subsystems in their 
functional categories: optics, focal plane systems, thermal control and vacuum systems, filter exchange 
and shutter mechanisms, utility systems, controls and DAQ. 

Chapter 3 discusses the requirements driving this design. Chapters in the remainder of this Report 
provide a detailed discussion of each of the subsystems introduced herein. 

6.2 Key Driving Requirements 
The LSST Camera will be the largest digital camera ever built and, as such, its design presents a number 
of challenges. LSST’s scientific requirements lead to demanding constraints on sensor architecture, 
optical throughput precision, and the sophistication of read-out electronics. In addition, given the fast 
optical beam (f/1.23), Camera tolerances on the assembly and alignment of the focal plane and optics 
are tight. The LSST science missions require precise knowledge and control of both the size and shape of 
the delivered PSF. 

Key requirements on the Camera are listed in Table 6-1. 
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Table 6-1: Key Driving Camera Requirements 

 

Over the past several years the LSST team has worked to minimize the risk that critical Camera 
components might not fully meet the technical performance or schedule needs of the project. The two 
main Camera components in this category are the sensors and filters. 

The LSST science requirements preclude the use of any existing sensor design. In addition to the need 
for extended red response and small point spread function, the fill factor, full well capacity, as well as 
readout speed and noise of the sensor have the most impact on LSST science performance. The LSST has 
generated a set of sensor performance requirements derived from the science requirements. These 
performance requirements dictate sensor specifications that exceed current technology, so an R&D 
program was initiated to implement a new design. Evaluation of these novel sensors has now begun. 
The sensor design is summarized at greater length in Section 6.3.2; a full treatment of the design and a 
discussion of results from the R&D and evaluation program are discussed in detail in Chapter 9. 

The LSST ideal filter curves have been generated to facilitate the analysis of the total system throughput 
for the different passbands.  The six filters that will be used for LSST are based on the Sloan Digital Sky 
Survey filters and are capable of supporting a large set of observing objectives. Wide, steep slopes of the 
filter passbands with high throughput were required with associated low out-of-band transmission. 
Funds and additional resources have been used from the LSST Corporation, the Department of Energy, 
and private funding to start this program to analyze filter and total system throughput by LSST 

Parameter Notes / Rationale 

Image budget allocation Includes all optics, focal pane  
flatness, and sensor charge diffusion 

Focal Plane Flatness Derived from image budget 
Charge Diffusion Derived from image budget 
Mass properties 
Total mass 

Affects frequency response of 
telescope 

Moments of Inertia about CG Affects requirements on rotator and  
hexpod support 

Camera Timing: 
Sensor Readout ≤ 2 seconds for 3 gigapixel readout Derived from cadence timing  

requirement 
Internal filter change 30 sec. of the 120 sec. system rqmt. is  

allocated to the rotator on the  
telescope for repositioning the  
camera. 

Shutter Timing Derived from photometric budget.   
Requirement on error of knowledge of  
exposure time over full FOV. 

Camera Throughput  u g r i z y 
Total camera allocation (%) 30.7 60.7 70.1 61.0 48.5 10.1 

Camera throughput averaged over  
each filter band, 

Sensor QE (%) 41.0 78.0 88.5 82.0 75.0 13.5 Derived from camera allocation; 

Requirement 

0.30 arcsec. 

±15 microns 
PSF spread < 3.2microns rms 

 
MOI x , MOI y  ≤3500 kgm 2 ; MOI z  ≤1000 kgm 2 

<5 msec 

≤ 3000 kg 

<90 seconds 

detector QE minus contamination 

Affects throughput stability; derived  

and condensation. 

Sensor Temp stability +/- 0.25 ºC over 12 hours from photometric budget. 
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collaboration members. The baseline filter component is described in Section 6.3.1 and then presented 
in detail in Chapter 8. 

6.3 Design Overview 
The LSST Camera, shown in Figure 6-1, contains a 3.2-gigapixel focal plane array comprised of 189 4Kx4K 
CCD sensors with 10 µm pixels. The sensors are deep depletion, back-illuminated devices with a highly 
segmented architecture that enables the entire array to be read out in 2 seconds or less. The detectors 
are grouped into 3 x 3 arrays called "rafts." All the rafts are identical; each contains its own dedicated 
front-end and back-end electronics boards, which ft within the footprint of its sensors, thus serving as a 
144-megapixel camera on its own. The rafts and associated electronics are mounted on a silicon carbide 
(SiC) GRID inside an evacuated Cryostat, with an intricate thermal control system that maintains the 
CCDs at an operating temperature of -100 ºC. The GRID also contains four sets of guide sensors and 
wavefront sensors at the edge of the field. 

 

Figure 6-1: Top-level View of the LSST Camera, Showing Major Components  

The entrance window to the Cryostat is the third of three refractive lenses. The other two lenses are 
mounted at the front of the Camera Body. The Camera Body also contains a mechanical shutter and a 
Filter Exchange system holding five large optical filters, any of which can be inserted into the Camera 
field of view for a given exposure. A sixth optical filter will also be fabricated; this filter can replace any 
of the five via a daytime procedure. 
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6.3.1 Camera Optics  
This section provides a high-level description of the Camera optical design. For analysis of the 
mechanical, thermal, and contamination control concerns related to the optics, see Chapter 7. A 
detailed treatment of the refractive optics and filters themselves is presented in 8. 

6.3.1.1 Refractive Optics  
The Camera refractive optics consists of three fused silica lenses (L1, L2, L3) with clear apertures of 
1.550 m, 1.102 m, and 0.722 m, respectively. L1 has an edge thickness of 3.4 cm and a center thickness 
of 8.2 cm. L2 has a central thickness of 3.0 cm. The space between L2 and the filters is 34.9 cm, which is 
adequate for accommodating the filter interchange. L3 is the vacuum barrier for the Cryostat containing 
the detector array. L3 has a central thickness of 6.0 cm, which provides a significant safety margin 
against fracture due to the pressure differential across it. A finite element calculation of L3 as a vacuum 
barrier is shown in Figure 6-2. 

 

Figure 6-2: Finite element model (upper) and plot of maximum principal stress (lower) for L3 acting as a 
vacuum seal. 

The Camera optics design can meet all design requirements using fused silica substrates. The Corning 
manufacturing process for fused silica can produce glass of the required size and quality. Although the 
required lenses are large, a substantial industrial base exists for fabricating them, and the LSST 
requirements are consistent with optical elements that have been produced for other programs. A key 
aspect of the fabrication involves the use of relatively simple null tests that have been factored into the 
optical design. All null tests use a retro-reflecting mirror to test the lenses in double pass transmission. A 
perfect point source is re-imaged onto itself with a wavefront error less than 1/20 wave at 633 nm.  

The optic mounts provide the interface between the lenses and the structures that support them. These 
interfaces may include adjustment capability for alignment purposes. If it proves cost effective, potential 
vendors may be asked to supply the lenses already installed and qualified in the mounts. In terms of 
optical correction, L1 and L2 are the most significant optical elements in the Camera. Their alignment to 
one another is therefore more critical, and the pair forms logical datums to use in aligning the focal 



LSST Camera Conceptual Design Report 

126 
 

plane array, L3, and the filter. In addition, the size and location of L1 and L2 on the front end of the 
Camera (away from the Shutter and Filter Exchange subsystems) make an aligned and tested 
subassembly a reasonable package for an optics vendor to produce. A repeatable kinematic interface 
allows the front-end assembly (L1 and L2) to be easily removed from and reinstalled on the Camera 
housing to provide ample access to components.  

Finite element modeling confirmed the feasibility of creating an independently stiff housing on which to 
attach both the L1 and L2 lenses. Between the housing and L1 and L2 are, radial-motion flexures, which 
allow for differential thermal expansion. This limits gravity-induced edge ripple to less than 1 µm peak to 
valley. It is expected that each optic will be measured in the mount during fabrication and that repeated 
polishing/measurement steps will require simple and repeatable remounting.  

6.3.1.2 Filters  
The filters consist of multi-layer dielectric interference coatings deposited on fused silica substrates. The 
baseline design has the first surface of the filters concentric about the chief ray in order to keep the 
angles of the light rays passing through the filters as uniform as possible over the entire range of field 
positions. The central thickness and the curvature of the second surface are optimized for image quality.  

The current LSST filter complement (u,g,r,i,z,y) is modeled on the system used for the Sloan Digital Sky 
Survey (SDSS), which has been successful in a variety of applications (e.g., photometric redshifts of 
galaxies, separation of stellar populations, photometric selection of quasars, among others). Extension 
of the SDSS system to longer wavelengths (y-band) is necessary to increase the effective redshift range 
that will be achievable with the LSST due to deeper imaging. The addition of a u-band improves the 
robustness of photometric redshifts of galaxies, stellar population separation, and quasar color 
selection, and will provide significant additional sensitivity to star formation histories of detected 
galaxies.  

The LSST requirement is 1% relative photometry and as such defines the general features of the filter 
set.  

Preliminary studies conducted at various leading vendors in the field have produced interference multi-
layer designs for all filters with no major performance incompatibility with the requirements. 
Manufacturability parameters including coating uniformity and reproducibility were included in those 
studies.  

6.3.2 Focal Plane Components  
This section provides a high-level description of the Camera focal plane design. For analysis of the 
mechanical, thermal, and contamination control concerns related to the focal plane, see Chapter 7. 
Other detailed treatments of subsystems introduced here are covered in: 

• Chapter 9 for science sensors 

• Chapter 10 for guide and wavefront sensors 

• Chapter 11 for the Science Rafts 

• Chapter 12 for the Corner Rafts 
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The 3200 cm2 unvignetted field of view of the Camera is tiled with a mosaic of 21 identical square rafts 
configured with science sensors and an additional four triangular rafts carrying wavefront sensors and 
guiders (Figure 6-3).  

 

Figure 6-3: Focal Plane Organization. With its 189 sensors, the focal plane of the Camera images 10 square 
degrees of the sky per exposure. 

6.3.2.1 Sensor Design  
The science sensor array is the main element of the Camera and the sensor design is directly influenced 
by LSST's unique science requirements. The interaction between sensor performance and key science 
requirements is shown in Table 6-2.  

Table 6-2: Relationship of Sensor Performance Characteristics to Science Requirements 

single visit 
image depth 
(D1, DB1)

image 
quality 
(S1)

photometric 
repeatability 

(PA1)

survey 
area 

(Asky)

visit 
distribution 

(Nv1)
quantum efficiency X X
read noise X
dark current X
cosmetics X
diffusion PSF X X
flatness X X
QE and PSF stability X
fill factor X
readout time X X
reliability/time to repair X X  

The reference design for the LSST sensors specifies an over-depleted silicon thickness of 100 μm 
(tradeoff of NIR QE and charge diffusion), flatness of 5 μm (to stay within LSST's small focal depth), a 
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pixel size of 10 μm (0.2 arcsec at LSST's plate scale), and segmented full-frame architecture with sixteen 
amplifiers per CCD (to give 2 second readout with approximately 5 e- rms read noise). High resistivity 
bulk silicon technology, seldom used in commercial CCDs, is required for this application. The package 
design is also critical for achieving the flatness, thermal stability, and close-butting requirements. While 
each of these parameters has been achieved in individual devices, the LSST sensors will be the first to 
incorporate the full set of performance parameters in a single sensor optimized for surveys. A concise 
table of requirements is given in Table 6-3 and a graph showing the required quantum efficiency as a 
function of wavelength is given in Figure 6-4. NOTE: De-fuzz the figures. 

Table 6-3: Key Sensor Performance Requirements 

 

 

Figure 6-4: Quantum Efficiency of the LSST Science Sensors. Bars show the 90%-90% filter passbands; 
heights of the bars represent the integrated QE needed to meet the image depth requirement in each band. 
Blue and green curves: quantum efficiency realized by two CCD vendors on 100μm bulk silicon; 
superimposed diamonds show the integrated QE for each realization in each band. Red triangles: 
monochromatic QE must-exceed points for acceptance test in production.  
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The LSST Project has engaged several suppliers to investigate technical approaches to achieving the 
sensor requirements. Several pre-prototype demonstrator devices have been fabricated and tested. 
Results to date on bulk high-resistivity silicon, room temperature chip flatness, and readout 
segmentation have been encouraging. The development effort is now focused on demonstrating 
precision packages with flatness and alignment stability over the operational temperatures, speed/read 
noise performance, optimized antirefection coatings, and process reproducibility and robustness. These 
results are discussed in more detail in Chapter 9. A photograph of several mechanical prototypes 
mounted on a silicon carbide baseplate is shown in Figure 6-5. 

 

Figure 6-5: Mechanical Prototype CCDs Mounted in Silicon Carbide Baseplate 

6.3.2.2 Raft Towers  
The sensor packages are assembled into raft "towers", illustrated in Figure 6-6. The functions of the 
Science Raft Tower are to provide:  

• Precise mechanical location and support for the CCD array  
• Front end electronic support functions to control and read out the CCDs 
• Thermal management of the CCDs and front end electronics 
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Figure 6-6: The Science Raft Tower showing 3x3 array of CCDs and Front End Cage (2 sides removed) 

Mechanical requirements are extremely stringent and include locating the CCD imaging surfaces to 
within a narrow flatness envelope and with gaps of 0.25 mm between adjacent CCDs. As a result of the 
fine segmentation of the CCDs, the Science Raft Tower has to implement all electronic functions of a 
144-channel CCD controller in a volume contained within the projected footprint of the Raft. Although 
low-power ASICs are used, their total power dissipation is significant and must be removed from the 
Cryostat through adequate thermal paths. Finally, the imaging surfaces of the CCDs must be protected 
from contamination by condensable materials in the electronics enclosures.  

The Science Raft Tower (SRT) is the modular building block of the Camera focal plane and consists of 
three major assemblies:  

• The raft-sensor assembly (RSA) is a 3 x 3 mosaic of science CCDs in precision packages mounted on a 
silicon carbide baseplate. The RSA also includes temperature sensors, make-up heaters, and flexible 
electrical and thermal connections. 

• The front end cage (FEC) houses circuit boards with custom video processing and clock/bias buffering 
electronics and contains copper planes providing the thermal path for cooling the CCDs and 
electronics.  

• A separate raft control crate (RCC) contains electronics for video digitizing, clock sequencing, bias 
generation, temperature sensing, and interfacing to the control and data acquisition systems.  
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A set of high-density flex cables and cooling straps connects the sensors to the front-end boards and 
thermal sinks, and another set of flex cables provides the power, control, and analog data interface 
between the FEC and the RCC.  

The SRT is an autonomous, fully testable and serviceable Camera capable of acquiring 144-Mpixel 
images in 2 seconds. It occupies a volume of about 13 x 13 x 28 cm3 and dissipates about 25 W of power 
during readout.  

All components of the SRT are contained within the Camera cryostat vacuum space. The RSA and FEC 
are maintained at an operating temperature of around -100°C. This temperature is chosen as a 
compromise between sensor dark current and near IR quantum efficiency. The raft control crate 
operates at a warmer temperature, around -40°C, to reduce the load on the cooling system and to allow 
the use of standard commercial electronics. To prevent volatile contaminants from condensing on the 
CCD imaging surfaces several precautions are taken: the printed circuit boards in the FEC are 
conformally coated; the CCDs are never allowed to be the coldest surfaces in the cryostat; and the FEC 
includes a conductance barrier to minimize molecular flow towards the CCDs.  

6.3.3 Focal Plane Electronics  
The major electronics subsystem is the readout of the CCDs in the science array. The electronics also 
include readout of the auxiliary CCD wavefront and guide sensors, temperature and voltage monitoring, 
as well as the electronics hardware that implements the Camera controls system and the power supplies 
and network interfaces that support the sensor readout and control functions.  

6.3.3.1 Science Array Readout  
The architecture of the science array readout is dictated by the four science requirements: 1) low read 
noise, 2) high dynamic range, 3) fast readout, and 4) low and stable cross-talk.  

A salient feature of the readout is its raft-oriented structure. Each raft of nine CCDs has an independent 
electronics package. Each of the raft based readouts is driven by a common clock and timing module to 
ensure strict synchronicity across the entire focal plane array. The readout electronics are located within 
the cryostat because of the high degree of segmentation in the sensors, which requires approximately 
150 bond pads per sensor. The 189 science sensors plus four wavefront and eight guide sensors have 
some 30,000 connections to the electronics. Inclusion of the entire electronics chain within the cryostat 
reduces the number of high vacuum feed through connections by two orders of magnitude and allows 
the electronics to ft within the camera envelope. Close proximity of the front end electronics to the 
CCDs also permits short interconnections to be used, which minimize power, noise, and crosstalk. To 
control contamination due to outgassing from cables and electronics boards, the project has carried out 
extensive materials testing of component parts and has developed procedures to guarantee compliance 
with the requirements.  

Each raft electronics package is subdivided into two distinct units referred to as front-end 
(preamplification, dual slope integration, and clock and bias drive based on two custom integrated 
circuits) and back-end (digitization, clock pattern generation, and control and monitoring based upon 
commercial devices). One pair of front end boards serves one row of three CCDs. The front end boards 
are very close to the focal plane array and operate at a temperature slightly below the focal plane 
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temperature of -100 ºC. The back end is located close to the back flange of the cryostat and operates at 
a much warmer -40 ºC. The flex cables between front and back electronics are sufficiently long to 
minimize the heat load to the front end and the focal plane.  

 (Existing large mosaic cameras have a much smaller number of readout channels and do not currently 
use ASICs to achieve the needed readout density).  

There are a total of 3024 video channels in the science array that are processed in parallel at a rate of 
550 kpix/sec to achieve a frame read time of 2 sec at a power budget of about 200 mW/channel. A 
maximum signal/noise ratio of about 15 bits with low crosstalk is expected.  

6.3.3.2 Front-End Electronics (FEE) and Back-End Electronics (BEE) Packaging  
Each raft of nine sensors has a total of 9 x 16 = 144 parallel readout channels in an area of approximately 
12 cm x 12 cm. This channel density exceeds that of existing astronomical cameras by a large margin and 
is achieved by extensive use of ASIC electronics. The maturity of submicron CMOS analog technology 
allows for the implementation of state-of-the-art low noise preamplification and dual slope signal 
processing in packages small enough to meet the requirements imposed by these channel densities.  

The back end utilizes commercial 18 bit, one mega sample per second analog to digital converters 
(ADCs) to digitize the signals from the front end. Since all channels operate in parallel, 144 ADCs are 
required per raft FEE package. The back end package consists of six printed circuit boards each with 
twenty-four ADCs corresponding to the six front end boards. A single high speed field programmable 
gate array (FPGA) converts all 144 channels of ADC data into a three gigabit data stream to the Data 
Acquisition System (DAQ). The same FPGA also generates, from the common camera clock, all the 
patterns required to readout the CCDs. Together with the sensors, a single raft electronics package 
represents a stand-alone 144 mega-pixel camera.  

6.3.4 Cryostat  
This section provides a high-level description of the Camera Cryostat. For analysis of general vacuum, 
thermal, and contamination control concerns affecting Camera performance, see Chapter 7. A detailed 
treatment of the Cryostat is presented in Chapter 13. 

The Cryostat (Figure 6-7) structurally supports, thermally controls, and provides the contamination free 
environment that houses the Science and Corner Raft towers comprising the focal plane array.  In 
addition, the Cryostat houses the digitizing and raft control crate (RCC) 
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Figure 6-7: The Cryostat housing holds the Grid assembly. The Raft Towers are mounted into the square 
slots of the Grid. 

The rafts holding the sensors are kinematically mounted to the grid assembly, where the SiC structural 
material and grid flexures provide mechanical isolation and minimize gravity and thermally-induced 
distortions. Sensor and electronics heat is removed by the Cryoplate, operating at -130 °C, and the cold 
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plate operating at -40 ºC, both of which are cooled and controlled by a refrigeration system whose 
components lie in the utility trunk and the support building. Finally, the cryostat housing, along with the 
L3 entrance window, comprise a vacuum vessel which provides a base operating pressure of < 10-6 Torr 
for thermal insulation of the sensors and electronics. The structural support, thermal control, and clean 
insulating vacuum supplied by the cryostat provide the isolated and controlled environment needed for 
optimal operation of the focal plane array. Each of these functions is described in detail, below.  

6.3.4.1 Structural Support: Kinematic Coupling and Grid  
The cryostat structure is designed to provide a stiff support for the science sensors, while isolating them 
from the effects of external loads and environmental changes. The science and corner rafts are mounted 
directly to an 18 cm deep SiC grid structure by way of ball-and-vee groove kinematic couplings, and held 
in place with pre-loaded compression springs. Prior to integrating the rafts, ceramic balls are installed 
onto the grid and aligned such that each of the three balls per raft form a plane, itself co-planar with all 
other balls across the grid. Rafts are assembled in advance with each of the nine individual sensors 
aligned to be co-planar and accurately offset from the plane defined by the vees in the bottom of the 
Raft. During Raft integration into the Cryostat, the kinematic features are coupled, providing very 
accurate and repeatable alignment of the detectors to form the single large focal plane. If necessary, any 
subsequent re-alignment can be accomplished by removing and re-lapping the ball support nests. The 
kinematic coupling design has been demonstrated to provide extremely repeatable positioning of rafts 
that is insensitive to differential contraction of materials during cool-down. Furthermore, the spring 
mounting system ensures a uniform and very stiff pre-loading that minimizes defections of the structure 
while isolating the rafts from external load changes and distortions in the grid.  

The grid itself forms the structural backbone of the support system. Because the camera must operate 
over a range of azimuthal and rotational orientations, the grid must hold the focal plane flat despite 
changes in bending and shear loads. As Figure 6-8 shows, maximum out-of-plane distortions have been 
held to less than 0.21 μm, using contraction during cooldown, reduction of the heat leak into the cold 
mass, and isolation of the grid from external loads imparted by distortion of the outer cryostat housing.  

 

Figure 6-8: Grid distortion plot, with Camera at 30° elevation from zenith and no rotator angle, maximum 
peak to valley distortion = 0.21 μm 
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The grid is fabricated from a form of silicon carbide ceramic that provides the optimal combination of 
material and fabrication properties. SiC has a very high stiffness-to-weight ratio, coupled with a 
moderately high thermal conductivity and very low coefficient of thermal expansion. This combination 
of properties is not found in any metal, but is exactly what is needed for the optical bench-like structure 
required by this application.  

While the grid and kinematic coupling support system provide the ideal structural design to allow us to 
meet our tight flatness requirements, they also allow for rapid, safe, and repeatable mounting of the 
raft tower elements during system integration. The pre-loaded kinematic mounts provide very 
predictable interfaces that impart only gravity loads on the structure, while the mount design is simple 
and safe to mate up. This will help minimize the need for adjusting the position of rafts during 
integration, while reducing the risks associated with handling the delicate and high-value sensors.  

6.3.4.2 Thermal Control: Cryo and Cold Plates  
The cryo and cold plates remove heat generated inside the cryostat and provide a stable thermal 
environment for the sensors and grid support structure. They also provide the mechanical support for 
the front end electronics (FEE) and the raft control crate (RCC). The cryo plate, operating at -130ºC, 
removes the more than 500 W of process heat generated by the front end electronics and 70 W of 
radiant heat impinging on the sensors from the warm L3 lens. This is conducted back through the FEE 
structure-bypassing the grid-to the cryo plate, where it is removed by boiling refrigerant running in 
channels through the plate. Likewise, the -40ºC cold plate removes process heat generated by the RCC's.  
Both plates include temperature sensors and heaters to stabilize their temperatures and speed the 
warm up of the cryostat.  

The cryo and cold plates are fed by separate refrigeration systems located in the utility room in the 
summit support building. These systems supply high-pressure room-temperature refrigerants that are 
then cooled and liquefied in expansion orifices housed in the heat exchanger module behind the 
cryostat. They are then flowed through the plates where the refrigerant boils as it absorbs the heat. The 
refrigeration system is discussed in more detail below.  

Other than heat removal, another important function provided by the cryo plate thermal control system 
is thermal isolation of the grid and sensor rafts. The grid is cooled by two thermal straps running down 
to the cryo plate within each bay. The cryo plate itself includes radiation shrouds that surround the grid 
on all sides, including a picture frame around the front perimeter. These intercept radiant heat from the 
warm cryostat housing and conduct it back to the cryo plate, which significantly reduces the overall heat 
load on the grid. The low heat load on the grid, coupled with the use of low-expansion SiC, results in 
extremely low thermally-induced distortions due to both cool-down contraction and residual 
temperature gradients in the grid. Our thermal-distortion analysis predicts that even under worst-case 
heat-loading conditions, the maximum expected out-of-plane distortion of the grid due to temperature 
gradients is on the order of tens of nanometers, factors of 100 below our tightest requirements.  

6.3.4.3 Vacuum Environment:  Housing and Feedthroughs  
The cryostat housing is a conical aluminum vessel, approximately 94 cm diameter at the base and 74 cm 
long. Contamination due to outgassing by the various components contained in the cryostat is a concern 
because of the possibility that desorbed materials will migrate to the cold sensor surfaces and modify 



LSST Camera Conceptual Design Report 

136 
 

the quantum efficiency of the detectors. To minimize this effect, the interior of the vessel is cleaned and 
baked out and all flanged penetrations are either welded or contain double Viton O-ring seals. 
Furthermore, the cryostat has been divided into two vacuum zones to further reduce the possibility of 
contamination. The cryo plate itself provides a low-conductance barrier to isolate the sensors and other 
front end components from the back end region, which contains the warmer electronics. The two zones 
are pumped separately and are largely isolated from each other.  Cleaning protocols, separate vacuum 
zones, and the vacuum pumping scheme described below, ensure that the environment for the sensors 
is as benign as possible.  

The cryostat housing is closed out with flanges on the front and back ends. The front flange of the vessel 
supports the L3 lens, which carries the atmospheric pressure differential while being clamped between 
Viton gaskets around its perimeter. The rear flange is comprised of an outer annulus containing high 
density signal, instrumentation, and power feedthroughs, and inlets and outlets for vacuum-insulated 
refrigerant lines. The central octagonal part of the rear flange supports two turbo-molecular pumps, a 
residual gas analyzer head, vacuum valves, and vacuum instrumentation. It is removable to provide 
access for inserting or removing raft towers.  

6.3.5 Camera Body and Mechanisms  
This section provides a high-level description of the Camera Body and of mechanisms built to provide 
Camera exposure control and filter exchange. For general principles of the Camera’s mechanical design, 
see Chapter 7. Other detailed treatments of subsystems introduced here are covered in: 

• Chapter 16 for Camera Body 

• Chapter 14 for Filter Exchange  

• Chapter 15 for Shutter 

6.3.5.1 Camera Body  
The aluminum back flange and outer housing provide interfaces and supports for most of the camera 
components. The back flange mounts to the telescope rotator around two bolt circles. The annular 
flange has a large central hole in it, through which the cryostat is inserted into the camera, and off of 
which the cryostat and carousel are supported. The flange is flat in this inner region, but flares out to a 
triangular cross-section at its outer diameter, to stiffen the interface and reduce defection. Cut-outs in 
the cross-section provide pockets for carousel motors and for routing cables out of the camera. The 
camera housing mounts around the outer perimeter of the flange with another bolt circle and O-ring 
seal.  

The housing fully encloses the back-end two-thirds of the camera volume. Cut-outs in the housing 
provide access to the inside of the camera for maintenance, but the portholes are sealed off during 
normal operation.  At the front end of the housing, a flange stiffens the free end and provides a 
structural mounting interface. The shutter mounts to this interface ring, as well as the struts that 
support the L1/L2 assembly. The auto changer bolts and pins into a cut-out in the front end of the 
housing, adding stiffness to the housing and closing out the notch.  
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Finally, a gas-tight sealing skirt bridges between the front end of the housing and the L1/ L2 assembly 
support ring. This completes the hermetic seal of the camera volume to ensure that it remains clean and 
thermally stable.  

6.3.5.2 Shutter  
The shutter for the LSST camera lies tightly packaged between the L3 lens/cryostat window and the 
filter.  It controls the length of time that the sensors on the focal plane are exposed to an image while 
blocking out all stray light when closed during read-out of the CCD sensors. The shutter is a double-
acting guillotine-like device, where plates move across the focal plane to start and end an exposure. 
Guillotine shutters have been used on a number of cameras, but tight lateral space constraints have 
forced us to segment the one-piece shutter into three pieces, as shown in Figure 6-9. The three blades 
are stacked up when the shutter is open, then slid over the field of view in a coordinated telescoping 
motion to close. Each blade is a unique three-dimensional shape, manufactured from carbon-fiber face 
sheets and a high-density foam core, and contoured to ft around the convex shape of the L3 lens. 

 

Figure 6-9: Shutter in Closed Configuration. Near blade set is stacked, while the far set is extended over the 
field of view. Motors (yellow) drive timing belts around drive and idler pulleys (orange and light blue) to 
move the blades along a linear rail (dark blue). 

To maintain exposure time uniformity across the FOV, two sets of blades are used. The first moves off to 
one side to clear the FOV to start the exposure, then the second shutter occludes the FOV by coming on 
from the opposite side, and traveling in the same direction as the first. For the next exposure, the 
process is reversed. This provides a more uniform exposure time for all pixels, since the first pixel 
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exposed by the trailing edge of the first shutter is also the first blocked by the leading edge of the 
second.  

6.3.5.3 Filter Exchange  
The Filter Exchange system provides the capability to change filters remotely during the course of 
nighttime Telescope operations. Given the survey nature of LSST and the multiple science programs that 
the observatory is supporting, filter changes will be a regular occurrence during a typical night of 
operation. Thus, the filter exchange system must reliably and safely change filters quickly and with 
minimal impact on the nightly observing schedule.  

The Camera houses five on-board filters for fast-90 second-filter changing during nightly viewing, and 
includes the capability for swapping in a sixth filter during a daytime maintenance access. The Filter 
Exchange system includes three sub-assemblies to provide this functionality. The Carousel stores filters 
that are not in use inside the clean environment of the camera housing, arrayed in an annulus around 
the outside of the Cryostat. It rotates to move filters into position for placing them on-line when 
needed. The selected filter is moved into the FOV by the Auto Changer. This mechanism includes rails 
that support wheeled trucks that hold a filter and shuttle it from its slot in the Carousel, forward and 
around the edge of the Cryostat and L3 lens, to the on-line position between the L2 and L3 lenses.  

Finally, a manual Filter Loader is used for swapping in a sixth filter during daytime access. The Filter 
Changer engages with the internal Auto Changer rails to ensure a clean, smooth, and safe hand-off of 
the filter.  All three of these assemblies ensure that the large-diameter filters are handled safely, and can 
be accessed and brought on-line quickly to maximize viewing time.  

6.3.6 Camera Utilities  
This section provides a high-level description of the Camera refrigeration, vacuum, and purge systems. 
For analysis of general vacuum, thermal, and contamination control concerns affecting Camera 
performance, see Chapter 7. Additional detail is provided in the Cryostat discussion, Chapter 13. 

The Camera uses four utility systems to maintain its components in environments suitable for meeting 
their performance requirements. These systems are:  

1. Refrigeration systems:  remove heat from low-temperature components in the cryostat.  

2. Vacuum systems: provide the insulating vacuums in the Cryostat and heat-exchanger can, while 
reducing contamination risk for the sensors and vacuum side of the L3 lens.  

3. Purge system: provides a constant flow of temperature-controlled purge gas to the camera body and 
its contents, removes heat generated in the camera, controls the outer housing temperature, breaks up 
natural convection cells, and minimizes particulate contamination.  

4. Fan units: blow cold air from the Telescope top end assembly enclosure through HEPA filters and into 
the Utility Trunk, to remove heat generated by electronics crates.  
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6.3.6.1 Refrigeration Systems  
The refrigeration systems remove heat from the sensors and front-end electronics inside the cryostat 
that nominally operate at -100 ºC, as well as the digitizing electronics behind that, which operate at -40 
C. Both systems operate like standard refrigerators, with the higher temperature system using a single 
refrigerant, and the low-temperature system a mixture of multiple refrigerants and inert gases to 
remove the heat at cryogenic temperatures. The compressors and after-coolers for the systems are 
installed in a utility room in the support building. High-pressure gas is then piped up the telescope to the 
camera, where it enters counterflow heat exchangers located in the utility trunk. These pre-cool the gas 
using outgoing cold gas from the cryostat. Once the high-pressure gas is partially cooled, it flows 
through a narrow orifice where its pressure and temperature drop significantly and it ultimately 
liquefies. The low pressure liquid then runs through vacuum-insulated tubes into the cryostat, where it 
is piped through channels in the cryo and cold plates, boiling off as it absorbs the heat that is generated 
by the electronics. The return low-pressure gas then warms back up to ambient temperature as it runs 
through the heat exchanger again, and returns down the telescope to the utility room.  

6.3.6.2 Vacuum Systems  
Two separate vacuum systems provide the insulating vacuums in the cryostat and heat exchanger can. 
The cryostat vacuum system itself is divided into two regions-one clean volume at the front of the 
cryostat that contains the sensors and L3 lens, and another for the rest of the cryostat. While they form 
one mechanical vacuum, they are separated by low-conductance barriers to reduce gas and 
contaminant flow into the clean region surrounding the sensors. The two regions are pumped by 
separate turbo-molecular pumps that are mounted to the pump flange at the back of the cryostat. They 
will be used for pumping down the cryostat and possibly for daytime operation. The focal plane vacuum 
zone also includes cartridges of zeolite and activated charcoal getter pumps. The zeolite getter modules 
can be removed and re-conditioned, if necessary, during accesses to the cryostat. Significant cryo-
pumping will also be provided by the cold surfaces in the cryostat during operation.  

The second vacuum system provides the insulating vacuum for the heat exchanger can and pump-out 
grooves between the double O-ring seals on the cryostat. None of these volumes is connected to the 
cryostat vacuum, but all require active pumping and monitoring. This system, also, is pumped using a 
pump mounted to the heat exchanger can.  

6.3.6.3 Camera Purge System  
Temperature-controlled purge gas is actively circulated throughout the camera volume.  This removes 
heat generated by motors and controllers in the camera, and controls the outer housing temperature to 
track with the dome temperature. The purge gas flow also serves to break up any natural convection 
cells between the camera optics and to minimize particulate contamination by cleaning the air and 
removing any fine particles floating in the air. The gas is cooled with a simple air-to-air heat exchanger 
and re-heater in the Utility Trunk, then piped into the Camera volume where it is distributed through 
manifolds and flow channels in the outer wall of the Camera.  

6.3.6.4 Utility Trunk Cooling System  
The final utility system provides cool air for removing heat generated by the electronics crates in the 
utility trunk. The back end of the utility trunk is enclosed in a sealed volume in the top end assembly of 



LSST Camera Conceptual Design Report 

140 
 

the telescope. This volume will be cooled to stabilize the temperature of the M2 mirror and remove 
process heat produced by actuators and electronics for the mirror supports. The utility trunk air handler 
uses this source of air, blowing it in through HEPA filters in the back of the utility trunk, then through the 
electronic crates to cool them. Air will then flow back out to the top end volume where it will be cooled 
by fan-coil units.  

6.3.7 Camera Control System (CCS) and Data Acquisition (DAQ)  
This section provides a high-level description of the CCS and DAQ subsystems. Additional detail is 
provided in the CCS discussion, Chapter 17, and the DAQ discussion, Chapter 18. 

The CCS and DAQ together provide the core functionality for orderly collection of images from the focal 
plane and their transfer to the clients. The CCS controls and coordinates the various Camera subsystems. 
The DAQ acquires, processes, and buffers incoming data and makes it available to the clients.  

6.3.7.1 Camera Control System (CCS)  
The CCS interacts with the LSST observatory and human operators, receiving commands and sending 
and receiving the data necessary for coordinated operations.  

• It makes sure that operations, both during science and calibration modes, proceed efficiently.  

• It monitors Camera performance, maintaining a stable Camera environment and reporting errors.  

• It provides human interfaces both to display status information and to provide test, diagnostic, and 
debug capability.  

The core CCS infrastructure component provides a set of buses used to transport messages between 
components. The types of messages include commands, status, and logging and alarms. The 
infrastructure includes mechanisms to control device access and dependencies between components. 

The CCS controls the Camera via a set of "CCS subsystem" software modules. Each module is a Java 
process that uses the bus infrastructure defined above to receive commands and communicate status 
information. These modules also communicate with the Camera subsystem hardware, possibly using 
private or proprietary protocols. Complex Camera subsystems (e.g., the DAQ and the Filter Exchange 
system) will require several modules. In those cases, a higher-level module will coordinate their 
operation. During engineering or diagnostic operation, each subsystem is capable of autonomous 
operation.  

The control of CCS is implemented via "consoles". A CCS console is a Java process that is capable of 
receiving instructions (e.g., from the OCS or a human), issuing commands to CCS subsystems, and 
displaying responses, telemetry, and other Camera status.  

6.3.7.2 Data Acquisition (DAQ)  
The Camera's Data Acquisition (DAQ) subsystem's principal function is to acquire, process, and buffer 
incoming data from the Camera's focal plane array. Both processed and buffered data must be made 
available to their corresponding clients. The FPA is both physically and electrically partitioned into 
twenty-five (25) separate rafts. Twenty-one (21) of those rafts are located centrally and service the 
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science grade CCDs, while the four (4) corner rafts service the four wavefront CCDs as well as the eight 
CCDs used for guiding.  

The Data Systems  

Data from the science grade CCDs constitutes the Camera's principal science product, and the principal 
client for these data is the Data Management (DM) system. Data from the wavefront CCDs are used by 
the telescope for control of its adaptive optics system as well as by DM to support analysis of science 
data and therefore, its clients are both DM and the Telescope Control System (TCS).  Data from the 
guiding sensors provides the centroid data necessary to guide the telescope and consequently its 
principal client is the TCS. That component of the DAQ system responsible for the acquisition and 
processing of science data is called the Science Data System (SDS), while for the wave-front data it's the 
Wavefront Data System (WDS) and for the centroid data the Guider Data System (GDS).  

The production of both science and wave-front data share the same cadence, and thus their 
corresponding data are generated synchronously with respect to one another, while guiding operates 
with a completely different cadence with its data thus produced asynchronously with respect to science 
and wavefront data.  

Identical cadence as well as an overlapping client set leads to very similar functional and performance 
requirements for SDS and WDS. Consequently, their subsequent description will, unless otherwise 
noted, treat them as a single system referred to as the SDS/WDS.  

In contrast, the GDS operates under a very different cadence as well as differing client set. The 
performance goals for the GDS also differ from the SDS/WDS, with the GDS minimizing latency in the 
transport of its data while the SDS/WDS maximizes throughput. For the GDS this leads to a somewhat 
different set of functional and performance requirements as well as implementation. A major design 
goal is to maximize reusability wherever and whenever appropriate. Therefore, the SDS/WDS and GDS 
while functionally quite different both inherit from a common hardware, firmware and software 
foundation.  

The Camera Data Source (CDS)  

The CDS forms the core of either system. Physically, the CDS is one or more advanced 
telecommunications architecture (ATCA) shelves. Depending on system, each shelf is populated with 
two or more cards called Cluster Reference Boards (CRB). These are active boards, containing 
computational elements with software and firmware on each board customized to the particular needs 
of either SDS/WDS or GDS system. The principal responsibility of any CDS is to service the sensor data 
received from its Raft Communication Interface (RCI). This includes:  

• Structuring and reformatting that data appropriate to its clients.  

• Buffering that data.  

• Serving that data to its clients (through the CDI interface described below). Its other responsibilities 
are:  
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• Proxy an interface to control and monitor its rafts, again through the raft's RCI.  

• Host the Camera Control System (CCS) interface.  

The back-end interface to the CDS is 10 Gbit Ethernet, allowing the distribution of data sourced by it to 
be relatively ubiquities.  

The Camera Data Interface (CDI)  

The CDI is a software library, hosted in one or more of processors provided by a client.  The CDI allows 
its clients to access any and all of the data served by a CDS. For example, this interface is hosted on the 
order of 3000 cores located at the base facility and used by DMS to process science data. These 
processors will be physically connected to a CDS through a network. The CDI provides two classes of 
data delivery: buffered and non-buffered:  

• Typically, non-buffered data represent some further processing (by the CDS) of the buffered data 
described below. For example, in the case of the SDS/WDS its non-buffered data represent data which 
have a cross-talk correction applied to their buffered data. These types of data are delivered to their 
respective clients through a Publish/Subscribe paradigm. Data are delivered in pseudo real-time as they 
are produced from the raft. These data are ephemeral, once published they disappear and can no longer 
be retrieved. Because, the number of clients will vary wildly depending on application and cannot be 
accurately known in advance, this delivery mechanism is designed to be inherently scalable and its 
underlying implementation takes advantage of Ethernet's native multi-casting ability.  

• Buffered data represent the raw image data received by the CDS from its RCIs. Typically, they have 
little or no post processing, except a transformation from a raft-dependent electronics order to a raft-
independent physical order. In order to allow operation of the Camera in the absence of the summit to 
base facility link these types of data are buffered by the CDS for as long as two days. In contrast to non-
buffered data these data are pulled on demand by their clients.  

Independent of data type, all data are tagged with unique identifiers. The identifier is directly correlated 
with the time at which the data came into existence. For buffered data this tag is used to identify which 
data are to be accessed. Note that both CDI and CDS are designed to support both classes of data 
delivery concurrently.  

6.3.8 Operations 

6.3.8.1 Control, Timing and Telemetry  
Overall control of the Camera has been allocated to the CCS.  

During Observatory operations, the CCS will accept commands from the OCS and will control the Camera 
activities accordingly. All activities on the Camera (with the exception of low level interactions between 
the DAQ and DM and DAQ and telescope) are sequenced by the CCS. The sequences that the CCS 
controls are 

1- Power up 
2- Vacuum/thermal initialization 



LSST Camera Conceptual Design Report 

143 
 

3- Exposure control 
4- Filter changes (both external and internal) 
5- Thermal control 

The CCS gathers engineering telemetry from the Camera subsystems. That engineering data (as well as 
data from the CCS itself) is passed to the OCS, where it provides part of the metadata used to interpret 
the science data. The OCS will perform the detailed health checks on that data (including trending), 
while the CCS performs a monitoring and alarming function to alert the operators of specific conditions.  

 

Figure 6-10: Camera logical block diagram 

The CCS also provides the ability to control the Camera in absence of other observatory subsystems. This 
capability will be used during Camera level integration and test as well as for Camera maintenance 
during operations. 

6.3.8.2 Exposure control  
The exposure sequence taken by the observatory is separated into visits. The standard visit consists of a 
telescope move to the desired position and two 15 second exposures. For efficiency, the readout of the 
second of the two exposures is in parallel with the move to the next visit position. The Camera is given 
the command to start the visit and sequences its internal operations to implement the two exposures of 
the visit.  
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The Camera allocation for this activity is 34 seconds. The primary drivers for the timeline are the CCD 
clear, shutter motion, 15 exposure, and readout times. The control interactions between these activities 
are in the millisecond regime. Note that the 15 second nominal exposure actually takes 16 seconds. This 
is caused by the finite shutter opening time.  

The OCS initiates the activity by sending a command to the CCS. The CCS provides a positive response to 
the OCS and directs any overhead activity needed to get ready for the exposure. The CCS then performs 
a CCD clear. The science sensors operate in a power configuration that does not support a continuous 
clear, so this clear will ensure that there is no significant dark current build-up or other residual charge. 
The CCS then directs the shutter to open. As the shutter opens, the science sensors and wavefront 
sensors begin to integrate the incoming light and continue to do so through the exposure. In contrast, 
the guide sensor is repeatedly read out during the exposure and provided to the telescope guide 
system.  

6.3.8.3 Data Flow  
The data flow for the Camera is allocated to the Rafts and to the DAQ. The Rafts digitize the signal and 
forward that data to the DAQ. The DAQ processes that data and routes it to either the DM or the 
Telescope Control System. Three sensor systems generate data (science, guider and wavefront). The 
science and wavefront data are used by DM. The wavefront and guider data are used by the Telescope 
Control System.  

Science data is provided in both raw and processed form. The processing corrects for crosstalk on the fly 
and the data is provided near real time to subscribers. The raw data is persisted by the DAQ and 
provided on demand. This raw science data is maintained for over 2 days to allow Observatory 
operations during loss of communications between the mountain top and data management in the Base 
Station.  

While some metadata naturally accompanies the science, wavefront and guider data, the CCS compiles 
additional metadata to define the Camera state, health and engineering data. This metadata follows a 
separate path from the CCS through the OCS to the EFDB. 

The Science and Corner Rafts output LVDS signals, which are routed through feedthroughs in the 
Cryostat. After a short run (to minimize possible interference) those signals are converted from electrical 
to optical. The light fibers are routed out of the Camera, through the telescope and down to the DAQ in 
the control room. The DAQ communicates to the DM and the telescope control system through 10Gbit-
Ethernet. 

6.3.8.4 Guide/Wavefront Sensor System 
The Camera provides the guide and wavefront sensors for the Telescope. This has the advantage of 
eliminating the alignment offsets that would occur if those sensors were outside the complete optical 
path. 

The Camera provides four wavefront sensors, one on each corner of the focal plane. The wavefront 
sensor is a split detector with a step in the z direction so that half of the detector is above the focal 
plane and the other half is below the focal plane. The characteristics of the out-of-focus images on the 
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two halves are used by the telescope to determine the relationship of the science focal plane to the 
ideal focus. This processing used to compensate for slow variations and this is not carried out in real 
time.  

The Camera provides eight guide sensors, two in each corner of the focal plane. Each guide sensor is a 
single CCD that is used real time during the exposure to tune the telescope pointing. The Camera to 
Telescope interactions have been carefully thought through to ensure an efficient control loop 
architecture. The Telescope defines a small window for each sensor. The camera reads out those 
windows from each guide sensor at 9 Hz when the shutter is open and feeds the raw data to the 
telescope. The Telescope generates the guide star centroids from each window and uses that position 
information in the control loop for the Telescope pointing.  

The control loop is somewhat complicated because the guide sensors are behind the shutter and only 
exposed when the shutter is open. The conceptual design approach addresses this startup transient (as 
well as imprecise telescope pointing to account for large traverses) by starting with a larger window for 
the first readout of a guide image. The telescope uses that larger window to determine the location of a 
smaller window to use for the remainder of the exposure. The achieved sampling rates, noise and 
latencies have been analyzed by the Telescope team and positive margin demonstrated.  

6.3.9 Camera Integration and Test  
This section provides a high-level discussion of the Integration and Test subsystem. The individual 
subsystem chapters provide details on assembly and test at the subsystem level. Chapter 20 provides a 
complete description of the I&T effort. 

Camera Integration and Testing (I&T) will be carried out in an existing clean room and high-bay shop at 
SLAC. The facility includes approximately 5000 square feet of class 100K clean room with anteroom, 
1000 square feet of lab and office space, and 3000 square feet of high-bay shop floor with crane access. 
Inside the clean room a dedicated air-handling system provides temperature and humidity control, with 
HEPA filtration and top-down air flow.  The clean room also includes a full-coverage anti-static floor and 
grounding points throughout for personnel electrostatic discharge (ESD) control and equipment safety 
grounds. Other features include nitrogen and air purge systems, a dry-pipe sprinkler system, remotely-
accessible temperature and humidity monitoring with automated alarm system, and key code entry to 
control access. The building also contains its own subnet with firewall to the main SLAC computer 
network and Ethernet drops throughout the clean rooms.  

Facility use plans and support equipment designs have been developed along with the design of the 
Camera. This was partially necessitated by the large physical size of the Camera. Step-by-step 
integration processes have been developed for the large sub-assemblies, and each step was evaluated 
for height, floor-space, and access constraints within the facility clean rooms. Integration sequence 
evaluation was also performed to assess the requirements and configuration for the support fixturing 
that is needed. This has resulted in a comprehensive list of the support hardware, along with 
requirements imposed on the hardware to fulfill its function during the I&T process.  

Finally, integration sequencing was used to inform the design of the Camera hardware itself. Many 
design features and implementation choices of the hardware design have been driven by the integration 
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planning process in order to ensure that all hardware can be safely and precisely integrated, accessed by 
the appropriate fixtures and test equipment, and safely tested in its as-installed configuration.  

The Camera will be assembled from pre-tested and verified sub-assemblies and components. To reduce 
technical and schedule risk associated with the integration process, care has been taken to develop 
modular designs for all components that can be pre-verified with bench testing. This assures that only 
fully-performing modules are integrated into the overall Camera and reduces the risk of test failures and 
problems during the integration and test process. Modular designs also serve to reduce the complexity 
of the component interfaces and reduce the time for integrating, servicing, and removing a component.  

Camera integration work is divided into four phases. First, raft towers are loaded into the cryostat, and 
the detector plane array is incrementally tested. This process is repetitive, with its timing largely driven 
by the availability of science raft towers. Dedicated fixtures and test equipment will be used to 
standardize and control the process, thereby reducing the risk of damage. The utility trunk will be 
integrated during this process to provide the system electronics and refrigeration system connections 
needed for cryostat cold-testing. Initially, the utility trunk will be detached from the rest of the cryostat, 
but ultimately it will be mounted to the back end of the cryostat housing for final testing.  

During integration of the rafts onto the grid, a non-contact metrology station is utilized in the clean 
room. Two commercial non-contact laser triangulation heads are mounted together on an .Y stage 
which is supported off an optical bench.  

These sensors measure displacements with precision better than 100 nm, over a range of several 
centimeters. One sensor points up to sensors on the detector plane, while the other looks down at a 20-
cm diameter optical flat, which is itself translatable on a separate stage. The laser triangulation heads 
are programmed to move over the region where the optical flat is located, taking 300 data points in 10 
minutes. Summing the sensor outputs removes most of the mechanical and thermal effects of the stage. 
The flat is moved to a new position, overlapping the previous one, and the process is repeated. In this 
manner, the detector plane surface can be ft and "stitched" together using the multiple overlapping 
references. Reconstruction of the surface figure to 0.4 μm P-V with 0.1 nm repeatability has been 
obtained in the lab.  

After closure and pumpdown of the cryostat, measurements are taken through either the flat optical 
window or through the L3 lens, substituting one head for a longer range laser-head with 1 μm precision 
and applying fixed corrections for the optical path.  

In parallel with cryostat integration, the shutter and exchange system will be integrated into the Camera 
body. These large subsystems will be fully tested prior to delivery, so the integration process involves 
mounting and mechanical alignment, then re-testing of the systems in their final configuration.  

Once the cryostat is fully integrated and the Camera body loaded, the two major assemblies are joined 
by sliding the cryostat into the Camera body. The two assemblies are only coupled at the back flange of 
the Camera, so the integration process is straightforward. The L1-L2 assembly is also mounted during 
this final integration phase.  
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The final step of Camera I&T is system-level verification testing. This will be accomplished through a 
series of targeted tests. First, optical component positions will be measured to ensure they are correctly 
aligned. Then, the Camera Calibration Optical Bench (CCOB) will be used to verify both optical 
performance of the Camera and to characterize any ghost imaging and the effects of stray and scattered 
light.  
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7 Camera Architecture 

7.1 Introduction 
The Camera is described at a high level in Chapter 6, and details on its subsystems are addressed in the 
remaining chapters of this Report. This chapter discusses architectural concerns that cut across 
subsystem boundaries, addressing the Camera as: 

• An optical system  

• A focal plane system 

• An integrated structural system 

• A system requiring integrated power distribution 

This chapter also describes the Camera Protection System. 

7.2 The Camera Optics System 
Chapter 6 describes the optical design of the Camera. The design of the Camera lenses and filters is 
covered in detail in Chapter 8. This section addresses cross-cutting mechanical, thermal, and 
contamination control aspects of the optical design. 

7.2.1 Structural Considerations 
The Camera structural design includes important considerations to improve the optical behavior of the 
system. These considerations include designing for the control of stray and scattered light, 
implementing athermal design features, and including provisions for correcting for mirror as-built figure 
errors. 
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Figure 7-1: Camera structural block diagram 

7.2.1.1 Control of Stray and Scattered Light 
The large aperture and wide field of view of the camera allow for accepting a considerable amount of 
on-axis celestial light, but also off-axis scattered light. Furthermore, the sharply converging light cone 
inside the camera means that there are many non-optical elements visible through the L1 lens that can 
potentially reflect scattered light back onto the detector plane. These potential sources of stray and 
scattered light are handled both by clearly defining the optical path geometry and carefully choosing 
surface treatments. 

The optical path geometry is defined in three ways, all of which can be seen in Figure 7-2. First, knife-
edge aperture rings clearly demark the outer diameter of the field of view at the entrance window, as 
well as before the L2 lens and entering the cryostat at the L3 lens. These aperture rings clear glancing-
angle stray light entering the camera just off the main beam. Higher-angle stray light is captured by two 
sets of vaned baffling rings, one set between L1 and L2 and the other between L2 and the filters. These 
stair-stepped baffles reflect stray light back away from the field of view onto absorbing surfaces. The 
final geometrical feature to clear the optical path from stray light is light traps around the perimeter of 
the L2 and L3 lenses. These reduce the amount of stray light internally reflected off the outer perimeter 
of the lens and into the field of view by matching the index of refraction of the glass with a baffle ring 
that traps and absorb the light. The absorbers, along with baffles and aperture rings, provide 
geometrical barriers to prevent stray and scattered light from reflecting off of camera structural 
elements and back to the detector plane. 
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Figure 7-2: Section of the L1-L2 Assembly, showing aperture rings at the entrance and in front of L2, along 
with light baffle rings between the lenses and a light trap around the perimeter of L2 

Apart from geometric design considerations, all surfaces with a view of the main field of view volume 
are also treated with light-absorbing surface treatments. For many surfaces, this involves coating 
surfaces with high-emissivity, low reflectance black paint. Inside the Cryostat , surfaces are either 
anodized or treated with similar low-reflectance surface treatments that are compatible with our 
vacuum. 

7.2.1.2 Athermal Design Considerations 
The Camera must be able to fully function over a broad range of altitude and rotation angles, but also 
over a broad temperature range. Furthermore, inside the Cryostat the cold mass must be able to 
operate at its low working temperature while maintaining alignment to the room-temperature lens. The 
camera design includes four design features to “athermalize” the design, ensuring that it can function 
over its entire operating temperature range. 

First, at the largest scale, the cryostat and camera body are both made from aluminum to match their 
coefficient of expansion (CTE). The L1-L2 assembly is supported off the front of the camera body by very 
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low CTE carbon fiber struts, ensuring that as the camera warms and cools, the relative axial spacing 
between the lenses remains unchanged. 

Inside the cryostat, two additional features are used. Flexures are used both for structural isolation, but 
also to allow for shrinkage of the cold mass during cooldown. The radially-facing flexures allow for 
contraction but maintain the cold structure centered on the bore of the cryostat. Flexures are used to 
support the Grid, Cryoplate, and Coldplate, ensuring that all three remain centered on the boresight. 
Furthermore, for the Grid in particular, low-CTE materials have been used to reduce the magnitude of 
thermal motion during cooldown. The Grid itself is manufactured from very low CTE Silicon-Carbide, 
while its support flexures are made from titanium for improved thermal insulation and flexing ability, as 
well as its moderate CTE. These reduce the overall magnitude of motion of the detectors and best-fit 
detector plane to the warmer lenses outside the cryostat. 

7.2.1.3 Adjustment Capability 
The final optical design capability added to the camera is the ability to optically correct for as-built figure 
errors in the mirrors. This is done by leaving provision to adjust the relative position of the L3 lens with 
respect to the detector plane, as well as the ability of moving the L1-L2 assembly with respect to the 
filters, L3, and the detector plane. These provide two knobs to turn to improve overall focus image 
quality. For the L3 lens, this adjustment is made by modifying the thickness of the support flange which 
moves the lens relative to the Cryostat and detector plane. For the L1-L2 assembly, the adjustment 
capability is built into the range of the six-strut support system, allowing this spacing to be tuned at any 
time. 

7.2.2 Camera Contamination Control 
Outside of the Cryostat cold mass, the remainder of the Camera volume also requires a clean operating 
environment. There are two primary reasons for this need for cleanliness. First and foremost, any 
particulate or outgassing materials could be deposited on one of the lens or filter surfaces inside the 
camera. While this would not directly affect the image quality, long-term contamination would impact 
the overall system throughput, reducing the camera’s sensitivity to faint objects. Furthermore, the 
surfaces of the optics inside the camera are not easily accessible and are difficult to clean, so the camera 
environment must be clean enough to obviate the need for cleaning at intervals less than yearly. 

The second motivation for maintaining a clean environment inside the camera is that this needs to be 
compatible with our clean room facility cleanliness. During maintenance, the camera will be moved into 
on-site clean room facilities and opened up for preventative maintenance and any repair. This will 
expose the contents of both the camera and Utility Trunk to the clean rooms. Given the large number of 
trapped volumes and difficult-to-clean regions of components in both volumes, it will not be practical to 
re-clean them if they were to get dirty or contaminated. Thus, our plan is to clean them at the 
component and sub-assembly level, then keep them clean during normal operation. 

7.2.2.1 Camera Volume Cleanliness 
As part of the camera design and planning process, we have invoked four design principals to provide for 
the cleanliness of components in the camera body and reduce the risk of contamination of the optics. 
First, the Camera body and supporting structures completely encompasses the camera volume, 
including all of the camera optics, in a hermetically sealed and clean environment. Thus, the clean 
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innards of the camera are completely isolated from the dirty dome environment surrounding the 
camera, keeping all of the optics except the first surface of the L1 lens in a relatively pristine state. 

Second, all components being installed in the camera body are being designed to meet cleanliness 
requirements for a class 100,000 clean room (ISO Class 8). This constrains the choice of materials to 
those that do not shed particles and with low outgassing levels to prevent “fogging” due to outgassing 
of highly volatile plasticizers in some materials. 

Third, the camera is using a “good-neighbor policy” to address contaminants at their source. In short, if 
subsystem hardware is likely to produce contaminants, then they are expected to provide for either 
reducing the rate of production to acceptable levels, cleaning up the contaminants, or trapping them to 
prevent them from spreading. This principal is being used in the design of the Shutter and Exchange 
System, where elements of the motion control systems will wear, possibly generating particulate 
contamination. 

Finally, many components with a higher contamination risk have been located in the Utility Trunk, 
where contamination is less of a concern. This includes the ducting and instrumentation racks for the 
camera purge system, as well as much of the control, communication, and power electronics for the 
camera and cryostat components. While these components will be cleaned and kept clean, their 
geometries make them prone to collecting contaminants. Keeping these out of the camera volume will 
reduce the risk of contamination introduced by them affecting the optics. 

7.2.2.2 Purge System 
Other than the passive design and materials choices we have made to maximize the cleanliness in the 
camera volume, we have also implemented an active purge system to continuously clean the air in the 
volume and remove any particulate contamination that may have been introduced or created. The 
entire volume operates at a very slight overpressure to reduce the chance of contaminants entering the 
clean volume, and the entire air volume is recycled through filters to clean the air and stabilize its 
temperature. This will also ensure that the dew point is sufficiently low to keep the humidity of the air 
controlled to within preset acceptable limits. 

7.2.2.3 Clean Access 
During normal operation, the design principals and active purge system are expected to produce a very 
clean environment inside the camera. However, during routine maintenance, personnel could introduce 
contaminants into the clean volume while working in the dome. This is especially a risk during filter 
swap-out, which will happen on a regular basis. To both keep the filters clean and reduce the risk of 
contaminating the camera volume, the Filter Loader has been designed to extend the hermetically-
sealed volume during a swap-out. Thus, a filter will be swapped out without exposing the camera 
volume, the outgoing filter, or the incoming filter to the dome environment. 

Besides swapping filters, maintenance activites are also expected to require access to the mechanisms 
to check for wear or troubleshoot a problem. For this, we will lower a clean tent over the entire camera 
and purge it with dry filtered air, essentially establishing a clean micro-climate around the camera. After 
cleaning the outside of the camera, we can then access the clean inner volume through hatches and 
removing the sealing skirt, using clean room protocols to carry out the maintenance work. 
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To limit the amount of access needed to the camera volume, much of the on-board electronics have 
been moved to the Utility Trunk. These are also accessible for replacing a damaged board, but the 
camera volume does not need to be accessed to perform this. 

7.2.3 Camera Thermal Control 
Outside the cryostat, component thermal control is a concern for two reasons. The primary driver for 
maintaining thermal control of the camera is that since the camera sits in the main beam of the 
telescope in front of the M2 mirror, differences between the camera skin temperature and that of the 
dome air will create natural convection plumes between the mirrors. Plumes produced by large 
temperature differences would have a significant impact on the delivered image quality of the telescope 
optical system, especially when the wind speed is low or the telescope is pointed into the wind when 
there is little flushing of the dome air. 

 

Figure 7-3: Camera thermal block diagram 

The camera skin and internal temperature also needs to be controlled to reduce natural convection cells 
inside the camera. Here, the L3 lens will operate colder than any other components around since it is 
radiating heat to the cold mass inside the cryostat. This constant cold source could produce natural 
convection plumes inside the camera much as cold windows do in a house.  

7.2.3.1 Passive Thermal Management Features 
Temperature control is handled first by removing heat-producing elements from the camera volume. 
Most power-consuming elements—including controllers and single-board computers—have been 
moved to the utility trunk to eliminate the source of heat. The remaining heat sources include only the 
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motors that operate mechanisms in the shutter and filter exchange system. While the shutter and 
carousel motors, in particular, are relatively high-powered motors, their duty-cycle is low so their 
average power draw is on the order of tens of Watts. 

7.2.3.2 Active Control 
The camera body purge system is used to stabilize the skin and volume temperature and remove the 
waste heat produced by the few remaining components. The net heat load inside the volume is close to 
zero, since the average heat generated by the low duty-cycle motors is offset by the constant ~100 W 
cooling provided by the L3 lens. The primary issue is to maintain a uniform-temperature volume 
throughout the camera. 

The purge system provides the source of constant-temperature air to stabilize the camera temperature. 
Temperature-controlled, dry, filtered air is blown in from the purge rack in the utility trunk through 
channels on the outer housing of the camera up to the front end, where it exits the channels and is 
blown onto the inside surface of the L1 lens. This actively stabilizes the skin and L1 lens temperature to 
match the dome temperature, allowing the camera to track the outside air temperature as it changes 
during the night. 

From the front end of the camera, the purge air filters back past the L2 lens, then is removed near the 
back end. Targeted local purge jets will also provide cooling to heat sinks on the exchange system and 
shutter motors. For the L3 lens, jets of temperature-controlled purge air will be blown across the surface 
of the lens from one side, then removed by a low-pressure plenum on the other. This provides a 
constant-flow air curtain that re-heats the air cooled by the lens and breaks up any natural convection 
cells before they can start. 

This combination of general purge flow and targeted temperature stabilization is expected to provide a 
uniform and controlled thermal environment inside the camera volume 

7.3 Camera Focal Plane System 
As introduced in Chapter 6, the Camera baseline design proposes the use of CCDs organized in a focal 
plane built up from Science and Corner Raft Towers. This focal plane is housed in the Cryostat. CCDs for 
science imaging as well as Telescope guiding and wavefront correction are covered in detail in Chapters 
9 and 10. The Science and Corner Raft Towers that form the focal plane are covered in Chapters 11 and 
12, respectively. The Cryostat is covered in Chapter 13. 

This section covers thermal and contamination control aspects of the focal plane design. 

7.3.1 Detector Plane Thermal Control 

7.3.1.1 Thermal Control Requirements 
Thermal control of the detector plane and other components of the cryostat cold mass has been a 
primary design driver in the development of the cryostat conceptual design. 

The requirements can be loosely grouped in three classes. First, the cold mass thermal control system 
must be able to remove a considerable amount of heat from within the cryostat. Up to 1000 W of heat is 
generated by the front and back end electronics alone, while an additional 100 W of heat impinges on 
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the cold mass, either by radiation from the warm L3 lens or leaks in from the Cryostat wall through 
conduction along support members or radiation. 

Despite this large heat load, the detectors on the focal plane must be held at -100 °C, stable over a night 
and uniform over the large area of the field-of-view. These requirements ensure that the CCD sensors 
operate in a stable environment, to minimize thermally-induced variations in their performance that 
would impact the precision of their calibration. 

Finally, despite the relatively high heat loads and temperature stability requirements, the elements 
providing structural supports for the detectors cannot distort across the field of view. Thus, heat 
conduction paths must be well-understood to ensure that thermally-induced distortions of the Grid due 
to large temperature gradients do not move sensors off the focal plane. 

7.3.1.2 Sensor Thermal Control 
The challenging thermal requirements of the detectors and cold mass in the Cryostat are met by four 
design considerations that have been used in the development of the conceptual design discussed 
herein. These considerations are outlined below, while details of the component design and thermal 
behavior are left to the individual subsystem chapters later in the Report. 

The primary architectural consideration taken to address the tight thermal requirements has been to 
separate the Cryostat cold mass into three thermal zones. These are shown in Figure 7-5 below. First, 
the back end electronics have been thermally and structurally separated from the front end, and 
mounted on their own Coldplate. These account for 400 W of the total 1000 W, which is removed by a 
separate refrigeration system tied to the Coldplate. The Plate operates at -40 °C, largely to reduce the 
gas load from the electronic boards and help maintain a clean environment inside the Cryostat. Heat 
removal at this temperature is relatively straightforward, and is accomplished by a conventional 
refrigeration system. 

The second and third thermal zones are tied to the Cryoplate, which operates at -130 °C. The front end 
crates are bolted to the cryostat, and both are directly cooled by a low-temperature refrigeration 
system described below. Thermal stability of the front end electronics is important, but not as critical as 
the detectors. Thus, they are cooled by direct conduction through the copper walls of the front end 
crate and a multiply-redundant thermal and structural bolted connection to the Cryoplate. Such a high-
conductance thermal path provides a uniform thermal resistance to the ground temperature of the 
Cryoplate. 

The Cryoplate itself is cooled using a low-temperature mixed-gas refrigeration system. The system uses 
compressors on the ground to deliver high-pressure room-temperature gas to the back of the Cryostat, 
where it is pre-cooled then expanded through tiny orifices to cool it to our operating temperature and 
liquefy it. This cold liquid then flows through channels in the Cryoplate, where it boils as it absorbs the 
waste heat. The system provides a number of advantages over alternative options. However, one 
significant advantage is that using phase-transition to remove heat provides a more stable and uniform 
temperature over the Cryoplate single-phase heat removal. This ensures that the Cryoplate temperature 
is uniform across the plate, providing a constant and uniform thermal ground plane for all 25 raft 
towers. 
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The sensor rafts form the third thermal zone inside the Cryostat. The rafts are thermally connected to 
the front end of heat sinks in the front end crate which are also grounded to the Cryoplate. These heat 
sink plates are thermally independent of the crate walls which are used for removing the heat from the 
front end boards, so the heat follows independent paths down to the Cryoplate. This provides one 
element of isolation for the sensors, since changes in heat load from the boards does not directly result 
in changes to the conduction heat path forward to the sensors. 

The thermal connection from the raft to the heat sinks is provided by flexible heat straps to 
accommodate relative thermal contraction between the Grid and Cryoplate. This produces a relatively 
large temperature gradient from the sensors all the way back down the conduction path to the 
Cryoplate. While the relatively long, higher-resistance conduction path produces a large temperature 
gradient between the Cryoplate and sensors, it provides thermal isolation of the sensors with respect to 
thermal transients elsewhere in the system. 

This isolation of the sensors is coupled with active temperature control provided by temperature 
sensors on the CCD’s and resistance heaters on the rafts. These components are used for active 
feedback control of the sensor temperature. The control loop responds both to the small transients in 
heat load due to changes in heat dissipated by the CCD’s themselves, as well as variations in the radiant 
heat load on the surface of the sensors from the L3 lens. Feedback control will also be able to stabilize 
the sensors from long-period fluctuations in the temperature of the Cryoplate itself. While much of 
these variations will be damped out by the relatively high thermal mass of the intervening heat sink 
plates, small fluctuations of the sink temperature of the rafts could still affect the sensor temperature. 

In summary, both the overall thermal design principals and implementation, as well as the active 
thermal control loop, provide a very uniform and stable thermal environment for the sensors on the 
focal plane. 

7.3.1.3 Control of Thermally-Induced Distortions 
The thermal path described above is designed to assure that the CCDs on the focal plane operate in a 
stable thermal environment. However, the parallel thermal paths for the sensors and front end 
electronics described above also serve to reduce the possibility of thermally-induce distortions of the 
detector plane. This is because the thermal path to remove the 600 W of heat and stabilize the sensors 
is completely decoupled and isolated from the structural path that supports the sensor rafts to the Grid 
and out to the Cryostat wall. This largely eliminates all thermal gradients in these key structural 
elements, significantly reducing the possibility of thermally-induced distortions which could warp the 
plane of detectors and move them off the focal plane. 

The primary structural element supporting the sensor rafts is the Grid. The sensor rafts are supported 
off of the Grid by way of ball-and-vee kinematic couplings which are very stiff but have a very high 
thermal resistance. Thus, very little heat will flow across this joint. In contrast, the Grid is thermally 
coupled directly to the Cryoplate by two thermal straps in each of its 25 bays. These straps mount 
midway up the Grid structure and remove what little heat is conducted or radiated onto the Grid, while 
providing a stable and uniform temperature sink. Mounting the straps on the neutral axis of the Grid 
ensures that for generalized radiant heat loads, any temperature gradients in the Grid will be relatively 
balanced about the neutral axis, thereby neutralizing their effects on out-of-plane distortion. 
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Beyond isolation of thermal paths from structural load paths and thermal sinking of the Grid, the final 
design element incorporated to reduce thermally-induced distortions in the Grid is to thermally isolate it 
from all possible heat sources. This has been done by surrounding the Grid with an actively-cooled 
thermal shroud to significantly reduce the radiant heat load from the warm Cryostat housing. The 
shroud mounts around the perimeter of the Cryoplate and extends to the front of the Cryostat, then 
around the front perimeter of the Grid, where it profiles the perimeter of the sensors. This essentially 
blocks all view angles from the warm Cryostat housing to the Grid, significantly reducing the radiant 
heat load on the perimeter surfaces of the Grid and the attendant temperature gradients and 
distortions. 

Figure 7-4 shows the predicted thermally-induced out-of-plane distortion of the Grid, due to a worst-
case heat load around the perimeter of 16 W/m2. The total expected heat load is about 1/5 this design 
load. The expected thermal distortion of the Grid in normal operation is 12 nm (out of plane), but a 
worst case scenario (e.g.. loss of a cooling loop) is about 250nm out of plane.  Further analysis and 
detailed design discussion is continued in Chapter 13. The result of the thermal control design 
considerations is a structural load path is isolated both from the process heat loads and ambient radiant 
heating, producing a thermally stable structural path to support the sensors at the focal plane. 

 

Figure 7-4: Thermally-induced out-of-plane distortion of the Grid due to perimeter radiant heat loading; the 
maximum distortion is TBD nanometers 

7.3.2 Cryostat Contamination Control 

7.3.2.1 Introduction 
As introduced above, all of the sensor front end and digitizing electronics are located inside the Cryostat 
to reduce signal length, minimize overall power dissipation on the sensors, and reduce crosstalk. 
However, this introduces challenges to ensure that the evacuated Cryostat volume remains clean and 
that the sensors are not damaged by possible contaminats introduced into the vacuum. This hazard has 
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been addressed in three ways: the thermal control systems, design of the vacuum system, and a 
program to reduce the possibility of contamination ever occurring.  

7.3.2.2 Thermal System 
The cryostat has been segmented into four separate thermal zones, as depicted in the schematic in 
Figure 7-5. The -130 °C Cryoplate and shroud serves as the coldest of the thermal zones, keeping all 
front end electronics cold to reduce outgassing and to provide cryo pumping. The CCDs on the focal 
plane form the second thermal zone. This is intentionally not the coldest zone, to reduce the cryo-
pumping load on the CCD’s. A -40 °C cold plate forms the third thermal zone, structurally supporting and 
thermally grounding the power, clock, and digitizing electronics for each raft. Keeping these electronics 
cold reduces their gas load in the cryostat. The fourth thermal zone is the warm cryostat wall and L3 lens 
inside face. Only these metal and glass surfaces remain warm, to reduce the gas load and the possibility 
of contamination. 

The four thermal zones in the cryostat are independently controlled, to protect the optical surfaces 
during cool-down and warm-up sequences. 

 

Figure 7-5: Schematic of the cryostat showing the four thermal zones: 1. CCD Rafts; 2. Cryoplate and 
Shroud; 3. Coldplate; 4. Camera Body 
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7.3.2.3 Vacuum System 
The vacuum system inside the cryostat has been designed to reduce the flow of possible contaminants 
towards the sensors on the focal plane and maximize vacuum pumping in the volume available. First, 
the Cryostat is segmented into two vacuum zones to control the molecular flow of outgassing products 
within the cryostat, thereby reducing the impact of any gas load on the lens and sensor surfaces. While 
the cryostat forms one physical vacuum vessel, it is divided into two vacuum zones which are separated 
by very low conductance barriers. The segmentation occurs at the Cryoplate, with all electronics boards 
in the FEE and RCM isolated from the cleaner focal plane vacuum zone by these barriers. The focal plane 
zone includes only the sensor rafts, L3 lens, grid, and front of the cryostat. These are composed largely 
of metals and ceramics, which will keep both the outgassing and water load to a minimum. The focal 
plane vacuum zone is pumped separately with dedicated zeolite getter pumps and activated charcoal, 
with provision for further pumping by way of a turbo-molecular pump connected by high-conductance 
plena. 

The entire back end of the cryostat forms the second vacuum zone. Nearly all of the electronics 
components are in this zone, as well as most of the warm surfaces. This zone is separately pumped to 
reduce the possibility of cross-contamination in the pumping manifolds, and is instrumented to track 
vacuum levels and gas species. 

7.3.2.4 Materials Qualification Process 
The final element of the contamination control plan is a qualification process for all materials that are 
planned for use in the cryostat. A materials qualification program is currently underway, to characterize 
specific requirements for materials in the cryostat, based on the impact of different outgassing products 
to optical transmission and photometry. The results of these tests will be used for defining which 
materials are or are not permitted in the cryostat. Ultimately, this materials qualification information 
will be recorded in a database of allowed materials and processing methods. A good first step in this 
process is to ensure that all materials are on the NASA materials database (available at: 
http://outgassing.nasa.gov/), but while this is a necessary initial condition, it is not a sufficient qualifier 
to ensure optical-level cleanliness of items in the cryostat. Furthermore, literature searches to-date have 
shown that there has been little rigorous qualification of materials, suggesting that there is much to be 
learned about the exact source and nature of fouling of sensors and lenses in a vacuum. 

7.4 Camera Structural System 
The camera structural design has been guided by four overarching principles that have been derived 
from high-level requirements. First, the camera and its components have been developed to be compact 
to meet tight packaging constraints. Next, support members have been optimized to provide stiff 
structures with compact flow of forces. Third, a by-product of this is that the structural design is 
structurally efficient. Finally, sometimes in opposition to the first three principles, the camera and its 
subsystem are modular. These four principles are expanded on in the following sections, along with the 
requirements driving them and the effect on camera structural design details. Please refer to Figure 7-1 
above. 
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7.4.1 Packaging Volume 
The camera and its subsystem elements have been designed to tight packaging constraints. These are 
borne out of three driving requirements. First, the camera is cantilevered out from the telescope top 
end assembly through the bore of the M2 mirror and into the main beam of the telescope. Thus, its 
outer envelope is constrained by the optical design of the telescope and the location of the light cones 
for incoming light. Second, the camera acceptance angle is very large and is part of a short focal length 
optical system, meaning it accepts a considerable amount of light over a large angle and delivers it down 
to the focal plane. Staying out of the way of this incoming light volume constrains the design of all 
components forward of the detector plane. Third, the short focal length of the optical design results in 
optical elements being spaced very closely together inside the camera. Especially given the large 
diameter of the clear aperture through the camera, the spacing between optical elements produces 
challenges in the design of both the optics supports as well as the design of the ancillary components 
around them. 

These packaging constraints have produced a very compact conceptual design of all sub-assemblies of 
the camera. This starts with the toroidal structure of the L1-L2 support ring which fills the entire 
triangular section between the M2-M3 light cone on the outside and the incoming L1-L2 light cone on 
the inside of the camera. Further back, the changer-carousel exchange system concept is driven almost 
exclusively by the need to store five filters onboard the camera while still staying within the bore of the 
M2 mirror. More conventional filter changer systems used on other cameras, such as sliding filters, filter 
wheels, or filter cartridges stored in decks just plain don’t fit in our optical design. However, the 
changer-carousel conceptual design elegantly provides the motions needed to store and exchange filters 
while staying within the packaging constraints. 

Inside the cryostat, packaging constraints are borne out largely by the need for a minimum of 85% 
packing fraction of active pixels in the field of view. This has led to the four-side buttable CCD design, 
along with designing the support electronics to fit within the footprint of the sensor rafts, thereby not 
contributing to any loss of active area.  

7.4.2 Structural Stability 
Camera element structures have been designed to be very stable in the face of changing structural and 
thermal loads. This is the result of two driving requirements. First, our overall image quality is critical to 
meeting high-level science requirements, but motions and distortions of the optics introduce errors that 
impact the image quality. Second, as the telescope is re-pointed and the camera rotated on its mount, 
changes to the orientation of the camera with respect to gravity will cause further misalignment. While 
the telescope guide system can correct for some of these misalignments, there will still be residual 
errors that cannot be corrected. These must be minimized to maximize image quality and keep it as 
uniform as possible over the full range of altitude and camera rotational angles. 

Structurally stable features have been incorporated into nearly all aspects of camera component 
designs. At the most fundamental level, many key structural elements have been designed to maximize 
stiffness and incorporate smooth, compact flow of forces. This is most easily seen in the tapered, conical 
shape of the camera and cryostat housings, shown in Figure 7-6. For both, the tapered shape transmits 
the weight of the L1-L2 assembly—for the camera housing—and loaded Grid—for the cryostat 
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housing—back to its mounting point. Early analysis for both showed that a simple cylindrical design did 
not produce an adequately stiff structure. 

 

Figure 7-6: Section of the Camera, showing tapered camera and cryostat housing, as well as the closed 
triangular section of the L1-L2 structural ring 

Furthermore, closed sections have been used throughout to maximize the bending stiffness of members 
for a given cross-sectional area available. Two areas where closed sections are used to considerable 
benefit are the Grid and L1-L2 support ring. As shown in Figure 7-7, the Grid is comprised of a 5x5 array 
of relatively empty bays with marginal structural stiffness. However, a “picture frame” structure 
surrounds this empty region to provide the considerable stiffness needed to preserve the flat detector 
plane. This picture frame structure is made of a closed rectangular section with internal cross-cutting 
webs to further improve stiffness. Likewise, the L1-L2 structural ring is comprised of a closed triangular 
cross-section to maximize resistance to bending as well as twisting. 
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Figure 7-7: Partial cut-away of the Grid, showing the closed box structure of the perimeter frame and the 
flexure support, one part of the kinematic support for the Grid 
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Kinematic connections are the third design element used throughout the camera to improve structural 
stiffness and uniformity. At a minimum, two elements must be connected such that all six degrees of 
freedom are constrained, but often some of these degrees of freedom are over-constrained, which 
allows for the transmittance of forces and torques across the interface that can distort and stress 
components on the other side. This externally-applied distortion must be factored into the component 
design, which leads to larger structural elements. Such connections are particularly suspect in handling 
thermally-induce distortion, especially if the connecting elements are not the same material. 

To avoid these pitfalls, the camera uses kinematic connections throughout. The L1-L2 assembly is 
mounted to the camera housing using a six-strut hexapod. The Grid is mounted to the Cryostat housing 
with three radially-oriented flexures, to prevent cryostat distortion from imparting loads or deflections 
on the Grid. Filters are supported in the Auto Changer and Carousel using a ball/cup and ball/slot 
kinematic mount, to ensure that small track misalignments in the Changer do not impart loads on the 
filter frame and glass. Rafts are mounted to the Grid using three radially-oriented vee-blocks, both to 
isolate the CCD’s from stresses due to raft distortion and to accommodate differential contraction 
between the rafts and Grid. The Auto Changer is mounted to the camera housing using a near-kinematic 
series of connections, to allow for on-telescope removal. In all of these joints, kinematicity leads to more 
predictable structural performance and isolation of structural load transfer across the joint. 

7.4.3 Structural Efficiency 
A by-product of designing for a compact volume with high structural stability is that the resulting designs 
are very structurally efficient. This is particularly important for the camera, since it is cantilevered off the 
telescope top end, and its mass directly impacts the natural frequency and dynamic response of the top 
end assembly. The camera mass allocation is 3000 kg, which is unheard-of for all cameras prior to this 
one. Here, however, 1450 kg or fully half of this weight is accounted for by purely functional elements of 
the camera—lenses, sensors and support electronics, filters and changer, and shutter. Another 800 kg is 
used for infrastructure elements such as vacuum, thermal, and environmental control, while 750 kg of 
the total is used for primary structural elements. Thus, only 25% of the total mass is used for primary 
structure, which is remarkably efficient given the difficult structural loading and load cases of the 
camera. 

7.4.4 Modularity 
The final principal guiding the camera design is the modularity of camera subsystem elements. In short, 
the camera includes three primary integrating structures: the camera body, cryostat, and utility trunk. 
All other components are modular assemblies that are mounted to one of these structures. This design 
principal has been used to improve efficiency for integration, testing, and follow-on servicing of 
components during operation. The modules are intended to be assembled and pre-tested prior to 
integration, to allow for much more streamlined integration with less risk of test failure at higher levels 
of assembly. 

7.5 Camera Grounding and Shielding 
The control of unwanted currents, the shielding of sensitive components and the prevention of 
unwanted electrical interference in sensitive circuits such as the CCD readouts is a well-developed but 
paradoxically not well-understood science. Most textbooks consider the simple case of a single sensitive 
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detector connected to some form of readout as shown in Figure 7-8. The rules developed from this 
simple case – single point grounds, isolation of detector and front end amplifier from other components, 
separately isolated power feeds for each element – work well. This case, however, breaks down in 
critical ways when the number of detector elements becomes “large” and where those elements are 
inextricably intertwined with each other and, even more problematically, intertwined with other 
mechanical or electrical parts of the system. For LSST, with some three thousand low noise channels in a 
circle scarcely larger than half a meter in diameter, we are well into the territory of the intertwined and 
need to consider a range of mechanical and thermal as well as electrical issues to arrive at an optimal 
solution. A more exhaustive discussion of the philosophy and issues is found in the LSST Grounding and 
Shielding Plan, but the main features of the baseline solution are presented here. 

 

Figure 7-8: Power distribution design: simple case of a single sensitive detector connected to some form of 
readout 

7.5.1 Ground Reference for the Focal Plane 
A primary initial question for any system is what is the “reference” point for system “ground”. To what 
point or surface are all the electrical potentials referred? In the specific case of the LSST science raft (and 
corner raft) towers, the question is largely decided by thermal considerations. The science (and corner) 
rafts are cooled by cryo fluid flowing in a massive metal plate – the Cryoplate – and the thermal 
connection between the raft tower structure and the Cryoplate needs to be of a low thermal 
impedance. The metallic conducting parts of the raft towers (and the Cryoplate) are made from copper 
in order to minimize the thermal impedance. If one were to try to electrically isolate each raft from the 
Cryoplate that electrical isolation would necessarily increase the thermal impedance and, because of the 
relatively large area of the mating metallic surfaces and the inherent capacitance across any electrical 
isolation, the electrical isolation would only be at relatively low frequencies. Thus the simplest plan is to 
make the Cryoplate copper the reference “ground” surface for the raft electronics – this guarantees a 
low impedance thermal and electrical path but implies some mild requirements for the mechanics. 

As the Cryoplate is the reference “ground” it is important to not allow stray currents to flow through or 
across it, and so the Cryoplate must be electrically isolated from the Cryostat and any other mechanical 
structures. This implies electrical breaks in the flexures mounting the Cryoplate to the Cryostat walls and 
electrical breaks in the piping carrying the cryo fluid in and out of the Cryostat. However, once those 
isolating structures are in place we have a nearly ideal multi-channel electrical environment. Each Raft 
tower is powered by floating power supplies (independent current returns for each supply) and the 
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communication to and from the RCM is via LVDS signaling with its very relaxed common mode voltage 
requirement. Each Raft Tower is then a 144 channel (or 48 channel for the Corner Raft Tower) readout 
system which is only electrically connected to the other Raft Towers via the ground reference at the 
Cryoplate as indicated very schematically in Figure 7-9. Of course within a Raft Tower it is essentially 
impossible and would be unwise to attempt to treat each channel separately. Already at the CCD sensor 
level the channels are intertwined with common substrates and bias structures. At the FEB level eight 
channels share a single ASPIC and a given sensor is handled by two adjacent FEBs. In this intertwined 
situation the general rule changes to one of keeping a common very low impedance reference for all 
channels so that even if there were to be circulating currents from one area to another across that 
ground surface, the potential differences are, perforce, insignificant – for instance if one can maintain 
µΩ impedances, even mAmp stray currents cause only µV level shifts (remembering that the LSB for the 
LSST ADCs is a few µVs). In this case we are helped significantly by the simultaneous requirement for low 
thermal impedances – the additional copper mass required for the thermal transfer serves to lower the 
electrical impedance even more.  

 

Figure 7-9: Power distribution design: parallel readout of multiple detectors connected to a readout chain 

The RCC’s, of course, necessarily share their ground reference on a board to board basis (FEB—BEB) with 
the Science Raft Tower and so the Coldplate is a second massive metallic part of this reference ground 
surface. The Cold and Cryoplate are not, of course, tied together mechanically with low impedance 
paths (except for the front to back end cabling) because of the significant thermal difference between 
those two plates. However, both Cryo and Coldplates are electrically isolated from the cryostat and 
other conductors in that volume with provision for a single point connection to be made between those 
plates and the cryostat shell using a high thermal and relatively low electrical impedance connection. In 
fact a number of different points around the Cryo/Coldplates and along the cryostat interior are planned 
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to be available for this connection in case there are unpredicted sensitivities to one particular 
connection scheme. 

7.5.2 Shielding for the Focal Plane 
In addition to possible interference from the conducting current paths discussed above, one also needs 
to worry about radiated energy (RF) causing interference in a sensitive electronic system. A Faraday cage 
is a simple and highly effective prophylactic measure in most such cases. At first glance the cryostat 
would seem as if it might form an effective cage until one realizes that L3, the final lens in the LSST 
optical system, is a nearly ¾ m diameter hole in the “cage”. Clearly, shielding of the CCDs and the front 
end electronics is not such a simple matter. Nevertheless, it is possible to put a nearly complete shield 
around all the electronics even if the CCDs themselves must remain uncovered. The card cage in the 
Science Raft Tower is, effectively, an all copper box around four sides of the front end electronics and 
the vacuum conduction barrier (an aluminum Kapton or copper Kapton laminate) between the FEBs and 
the rafts covers the CCD side of the electronics cage. Only the rear of the front end electronics is not 
nearly hermetic and even there the Cryo and Coldplates plus the RCC form a nearly complete shield. This 
“shield” is, of course, the same as the reference “ground” and that is not, in a text book sense, ideal but 
in practical terms it can be expected to be very good indeed and similar to successful high density 
channel count systems in recent HEP (High Energy Physics) detectors. The remaining weak spot – the 
CCDs themselves – must be protected by the design of the electronics system, the design of the camera 
and the design of the telescope and observatory. Fortunately the exposure is only for relatively high 
frequencies as the CCDs are 4 cm x 4 cm and so operate as moderately efficient receiving antennas only 
over frequencies above some hundreds of MHz. As the front end signal processing uses correlated 
double sampling with time constants of order hundreds of nanoseconds, any potential RF pickup from 
the CCD is cancelled to very high order. The other side of the issue is to ensure that the environment 
does not contain any aggressor devices with frequency emissions in the bandpass of interest during 
sensitive times and, fortunately, essentially all possible RF emitters for some kilometers around are part 
of the LSST Observatory and so under our control. 

7.5.3 Best practice signal distribution 
In addition to controlling low- and high-frequency signal paths that might disturb the low noise 
measurements, it is also useful to establish a set of standards or practices to avoid any iatrogenic 
degradation of the sensitive system and, as a side benefit, improve signal integrity in even the less 
sensitive parts of the Camera. Historically, the most important areas of concern are signal transmission 
(radiated and received energy) and power supplies (conducted noise).  

The single most important step in signal transmission is the use of differential lines (as opposed to single 
ended signaling) and the second most important step is the use of the lowest possible voltage swing. 
Therefore, all the high speed digital signaling within the cryostat and, largely, outside the cryostat, is 
accomplished using LVDS (Low Voltage Differential Signaling). Signals only used for initial system 
configuration or emergency response are exempt from this requirement. In addition, the analog 
transmission of the CCD video signal from the FEB to the BEB is fully differential as is the digitization at 
the BEB. The advantage of differential signaling is well known, but perhaps a brief reminder is in order – 
as a differential line carries both positive and negative going excursions, the cancellation of those 
excursions in the far field regime results in essentially zero radiated energy while in the near field regime 
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radiation can be easily controlled by distance rules and the location of “ground” plane surfaces. 
Similarly, an external disturbance moves both positive and negative lines in similar ways and so the 
common mode rejection of the receiving differential amplifier removes such disturbances. 

In terms of power supplies, the most important challenges are isolating “noisy” entities from sensitive 
ones. To that end the LSST camera power system is organized to provide separate power regulation (and 
conversion where needed) to each sub-system and to divide those sub-systems into separate “clean” 
and “dirty” branches (see chapter 19 for more details). Insofar as possible loads are provided with 
isolated power (i.e. power return is not via “ground” but via a separate and isolated power return line) 
and this is strictly true for all loads in the cryostat – the most sensitive region. The goal is prevent any 
possibility that variations in load in one area are reflected in variations in potential in a separate area.  

7.5.4 Current flows in mechanical structures 
The final area of noise mitigation is a set of rules applying to all metallic and insulating structures within 
the camera. In order to prevent an isolated conductor from acting as a receiving or transmitting antenna 
it is necessary to attach all conducting structures to some fixed potential – so, for instance, all of the 
mechanical parts of the camera body and utility trunk will be electrically connected either as a 
consequence of their mechanical assembly or, if not guaranteed by the mechanical assembly technique, 
by an explicit conductor to some fixed potential. In addition, and perhaps less obvious, it is useful to 
control large insulating structures as they can accumulate charge which, eventually, reaches a discharge 
potential and produces a spark. Wherever possible, large insulating structures are avoided and where 
that is not possible, static control measures are taken to avoid discharges – for example the dry air 
bathing the lens structures will be sufficiently ionized to avoid high potential charge build up and 
insulating fluids will be carried in conductive plumbing.  

7.6 Camera Protection System 

7.6.1 Introduction 
The Camera Protection System (CPS) is a key functional system of the Camera that provides active 
mitigation of Camera hazards by preventing a mishap from occurring or stopping one in the process of 
occurring, thus preventing damage to Camera hardware, insult to the environment, or injury to 
personnel. The CPS operates completely independent of CCS control, providing core protection for all 
elements of the Camera. During normal operation and maintenance of the Camera, the CCS ensures safe 
monitoring and control of all Camera systems. However, Camera protection activities are intended to be 
performed regardless of the state of the CCS. 

Note that the CPS provides the last and strongest line of a tiered defense against the occurrence of a 
mishap. The Camera’s first defense against a mishap is in the design, analysis, and testing of Camera 
components. This includes developing a clear understanding of functional requirements, a process by 
which the design and manufacturing plans are reviewed and approved as meeting those requirements, 
and verification test plans to ensure that the as-built hardware meets expectations. Second, Camera 
hardware is protected by a clear monitoring, communication, command, and control system that 
orchestrates all Camera actions. The CCS actively monitors the condition of all systems within the 
Camera and compares operating parameters with preset allowable limits. This provides early warning of 
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trends in hardware operation that could result in a mishap, as well as immediate emergency action to 
prevent a mishap if thresholds are exceeded. Finally, the CPS system includes hardware interlocks and 
switches, monitored and controlled by PLC’s to safe systems in the event that CCS controls fail or 
otherwise do not function as needed. 

7.6.2 CPS Architecture 
Initial development of the Camera Protection Protocol List has led to the development of a preliminary 
architecture for the CPS. The high-level architecture is illustrated in Figure 7-10. The schematic shows 
two levels of protection. At the lowest level, local PLC’s provide monitoring and execute protective 
actions when necessary for the local hardware devices within its domain. 

 

Figure 7-10: High-level schematic of the Camera Protection System, showing its relationship with the Camera 
Control System 

Six local protection zones have been identified, which correspond with six functional elements of the 
Camera needing protection. These functional elements are: 

• Exchange System—including the Carousel, Auto Changer, and Filter Loader as well as the 
supervisor that controls interaction between them 

• Shutter—Shutter mechanism, which includes two blade sets 

• Power Management—low-voltage AC-DC and DC-DC transformers and voltage regulation 
system providing power at discrete voltages for the Raft Towers 

• Camera Body—purge environmental control system as well as access-control hatches and 
monitoring of rigid-body motions of the Camera 

• Cryostat—vacuum, cooling, and environmental control of the Cryostat 

• Refrigeration System—compressors and ancillary equipment on the ground, providing high-
pressure refrigerant for cooling components in the Cryostat 

While these six protection zones do not include all hardware within the Camera, they encompass all 
monitoring and control needed to protect the Camera against all hazards listed in the Protection 
Protocol List. 

The Master Protection Module (MPM) provides the upper level of protection by adjudicating protection 
protocols that bridge between functional protection subsystems. For hazards that require monitoring in 
one protection element and action taken in another, the MPM distributes enable/disable signals 
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between the elements. It also monitors the CCS aliveness and provides a master enable/disable signal to 
lower level elements if communication with the CCS is lost. 

While the MPM and local functional elements operate completely independent of the CCS and local 
device controllers, the two systems are interconnected. Figure 7-11 shows a generic subsystem device, 
along with its control elements and protection elements. On the control side, the local hardware control 
unit communicates with the CCS using the Camera Ethernet bus, then converts high-level commands to 
low-level instructions to the hardware devices. Part of this control involves monitoring of sensors on the 
hardware for feedback control and system safety. 

 

Figure 7-11: Interrelationship between CCS and CPS elements for a generic functional subsystem 

On the protection side, the local protection PLC monitors the status of protection-enab led sensors and 
switches on the hardware and directly controls the hardware in the event of a hazard condition being 
detected. 

Conversely, the local controller monitors the status of all signals from the PLC, as well as the status of 
enable and disable signals. This is communicated back to the CCS and control room, so protection status 
is always available. Note that this is simply a monitoring function, and neither the local controller nor 
the CCS can actually control the PLC or change settings or thresholds. 

This relationship is repeated at the system level, where the MPM monitors a heartbeat signal from the 
CCS and sends all telemetry to the CCS. 
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8  Lenses and Filters 

8.1 Introduction 
The camera refractive optics system consists of three fused silica lenses (L1, L2, L3). The optics design 
can meet all design requirements using fused silica substrates. The Corning manufacturing process for 
fused silica can produce glass of the required size and quality. Although the required lenses are large, a 
substantial industrial base exists for fabricating them, and the LSST requirements are consistent with 
optical elements that have been produced for other programs. A key aspect of the fabrication involves 
the use of relatively simple null tests that have been factored into the optical design. All null tests use a 
retro-reflecting mirror to test the lenses in double pass transmission. A perfect point source is re-imaged 
onto itself with a wavefront error less than 1/20 wave at 633 nm 

The filters consist of multi-layer dielectric interference coatings deposited on fused silica substrates. The 
baseline design has the first surface of the filters concentric about the chief ray in order to keep the 
angles of the light rays passing through the filters as uniform as possible over the entire range of field 
positions. The central thickness and the curvature of the second surface are optimized for image quality. 
The current LSST filter complement (u,g,r,i,z,y) is modeled on the system used for the Sloan Digital Sky 
Survey (SDSS), which has been successful in a variety of applications (e.g., photometric redshifts of 
galaxies, separation of stellar populations, photometric selection of quasars, among others). Extension 
of the SDSS system to longer wavelengths (y-band) is necessary to increase the effective redshift range 
that will be achievable with the LSST due to deeper imaging. The addition of a u-band improves the 
robustness of photometric redshifts of galaxies, stellar population separation, and quasar color 
selection, and will provide significant additional sensitivity to star formation histories of detected 
galaxies.  

The optical elements are held in a static position by three primary structures.  The first structure is a 
lightweight toroidal ring that holds L1 and L2, and maintains the correct distance between them to 
maintain the optical quality of the input beam.  This ring is attached to the camera body through six low 
CTE adjustable struts. The second structure is the L3 assembly, held in place by a thermally isolated ring 
attached to the Cryostat housing.  L3 is the vacuum barrier to the Cryostat so more structural and stress 
analysis has been performed on this lens. Finally, a filter exchange mechanism has a repeatable interface 
that will hold any of the five in-camera filters in the correct aligned optical position above the focal 
plane. 
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Figure 8-1: Optical Components shown in camera 3D model 

This chapter describes the design of the optical elements and filters, as well as their mechanical 
integration with the Camera. Other elements of the Camera imaging system are described later this 
document: the Filter Exchange system is described in Chapter 14 and the Shutter system is described in 
chapter 15. 

8.2 Requirements 

8.2.1 Optics Prescription 
The current baseline optical design for the LSST is a modified Paul-Baker three-mirror telescope that 
includes an 8.4-meter primary mirror (M1) which is cast with a 5.0-m tertiary mirror (M3); the casting 
together of primary/tertiary was also seen in Rumsey [ref]. After a first reflection on M1, the optical 
beam converges on the 3.4-m convex secondary mirror (M2). From M2, the reflected beam diverges 
slightly toward M3, and is then focused toward the camera located in front of M2 on the optical axis 
(Figure 8-2). The current design employs three aspheric mirrors.  The three-mirror telescope system 
delivers, without the camera corrector optics, a spherical wavefront on axis that will greatly help in 
initial assembly and alignment.  Specification of the telescope parameters is given in Table 8-1. 

Table 8-1: LSST specifications 

Design type Modified Paul-Baker 

Entrance pupil 8.4 meters with 5.0 meter (~62%) central 
obscuration 

F-number f/1.2345 

Field of view  3.5° diameter, with additional corner rafts for 
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Detector size 640 mm diameter 

Pixel size 10 µm = 0.2 arcsec 

Wavelength range 6 bands within 350-1060nm, approximately 20% 
bands 

Approximate FHWM image blur 0.2 arcsec FWHM 

The baseline LSST Camera optics design consists of three refractive lenses with clear aperture diameters 
of 1.55 m (L1), 1.10 m (L2) and 0.69 m (L3) and six interchangeable, broad-band, filters with clear 
aperture diameters of 0.75 m, which provide spectral coverage from the UV to near IR. L2 and L3 each 
have one aspheric surface.  See Figure 8-2 and Table 8-2 for a description of the optics. 

 

Figure 8-2: LSST optical design includes 3 large mirrors, 3 large lenses and a set of 6 large transmission 
filters. 

Table 8-2: LSST camera optical element design parameters 

 
 
The smallest lens, L3, with a clear aperture of 0.69 m, is also the vacuum barrier for the cryostat 
containing the detector array. There is 2.85 cm between the inner surface of L3 and the focal plane. The 
L3 central thickness is specified in order to provide a significant safety margin for potential fracture of L3 
due to the pressure differential. Empirical data shows that a thickness ratio of ~12 is adequate to 

Lenses Filters
Clear Aperture Dims L1 L2 L3 u g r i z y
Surface 1 vertex to FPA 1031.950 537.080 88.500 149.500 149.500 149.500 149.500 149.500 149.500
Surface 2 vertex to FPA 949.720 507.080 28.500 123.300 128.360 131.700 133.800 135.300 136.000
Center thick. 82.230 30.000 60.000 26.200 21.140 17.800 15.700 14.200 13.500
Clear aperture rad. 775.000 551.000 346.000 375.000 375.000 375.000 375.000 375.000 375.000
Surface 1 spherical rad. 2824.000 1.000E+15 3169.000 5624.000 5624.000 5624.000 5624.000 5624.000 5624.000
Surface 2 spherical rad. -5021.000 -2529.000 -13360.000 -5513.000 -5564.000 -5594.000 -5612.000 -5624.000 -5624.000
Sagitta of Surface 1 108.424 0.000 18.945 12.516 12.516 12.516 12.516 12.516 12.516
Sagitta of Surface 2 -60.172 -60.754 -4.481 -12.769 -12.651 -12.583 -12.543 -12.516 -12.516
Thick. at Clr Aperture 33.977 90.754 45.536 26.453 21.275 17.867 15.727 14.200 13.500
*All dimensions in mm except as noted "Approx Physical Dims" are for reference only
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provide this safety margin, which yields a thickness of ~6 cm for this lens. The filters are designed to be 
fabricated using multi-layer dielectric interference coatings deposited on glass substrates. The baseline 
design has the first surface of the filters concentric about the pupil (i.e., all chief rays are normal to the 
surface) in order to keep the angles of the light rays passing through the filters as uniform as possible 
over the entire range of field positions. The central thickness and the curvature of the second surface 
are optimized for image quality. The minimum center thickness is 1.35 cm, for the y-band filter. Detailed 
parameters for the camera optics are given in Table 8-2. 

Five filters are resident in the Camera; the active filter can be changed in less than 90 seconds.  One of 
the six filters will be stored at off-camera at any given time and can be exchanged with any of the five 
on-camera filters during a daytime servicing operation. A detailed discussion of the Filter Exchange 
subsystem is presented in Chapter 14. 

8.2.2 Optics Mechanical Requirements 
The optical elements experience structural loads from four potential sources: inertial accelerations, 
thermal distortions, pressure differentials, and internal stresses during manufacturing.  Each of these 
sources will degrade the image quality delivered to the focal plane sensors either by affecting the 
refractive index, the shape, or the position of the optics. 

There are five classes of inertial accelerations:  static accelerations with respect to their position with 
the gravity vector, vibrational accelerations from re-pointing, integration and handling, transportation, 
and seismic loads.  For each class of inertial loads, the optics must be able to survive the resultant 
stresses and deflections, as well as function and perform to specifications. Table 8-3 shows the loads 
and requirements placed on the optics. 

Table 8-3: Camera Optics: Structural Load Cases 

Load Case  Description  
Gravity  With respect to the camera coordinate system, the gravity vector is different 

for different camera orientations.  The unit gravity vectors in X, Y, and Z were 
scaled and linear superimposed to envelop all camera orientations and 
configurations from AIT to Installation on the telescope  

Repointing  Angular velocities and accelerations of the telescope re-pointing creates 
inertial loads on the camera, and were combined with the static gravity loads  

Pressure  Pressure loads exist on L3 and L1. dP across L3 is from atmospheric (+101kPa) 
and camera purge pressure (nominally ~+7kPa) outside and vacuum inside the 
cryostat. dP across L1 is from camera purge pressure.   

Temperature  Operating temperatures of the camera can induce stresses due to 
temperature gradients or CTE (Coefficient of thermal expansion) mismatches  

Seismic  Both SLAC and Chile are seismically active regions.  The seismic loads apply to 
the camera at all stages of AIT and in any standard orientations of the camera.  

Thermal distortions result when materials with different CTEs (coefficients of thermal expansion) and/or 
thermal gradients are present.  For example, fused silica has a very low CTE compared with aluminum (a 
standard material used for optical filter depositions).  When the ambient temperature drops, the two 
components will contract at different rates.  The difference in the interface motion creates stresses in 
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the optics that must be compensated by flexures or other means.  Additional details are given in the 
following sections on design and analysis. 

Pressure loading from the atmosphere and/or forced dry, ambient air creates pressure differentials on 
the L1 and L3 optics.  This generates loads on the mechanical interfaces and stresses in the optics.  The 
greatest pressure load comes from the atmospheric loading on L3, since the 2nd surface of this optic is in 
vacuum.  As mentioned, there is also a small dry air interior pressure maintained inside the camera body 
in order to keep out dust and other contaminants and to keep the optics from developing condensation 
on their surfaces.  This internal pressure exerts a load on L1. 

Finally, internal loads due to manufacturing tolerance issues could result in residual stresses.  
Machining, compression of a gasket or O-ring, internal fastener loads, or interference fits can result in 
internal loads on the optics.  Generally, the loads from the manufacturing sources are low in comparison 
to other fabrication sources. 

In addition to the loads on the optics, the mechanical interfaces are important to evaluate because they 
define how the optics are mechanically mounted to the various structures.  In general, all optical mounts 
are compliant to distribute the loads and minimize stress concentrations.  Additionally, the degrees of 
freedom are designed to decouple the loads from the rest of the camera.  Therefore, external 
mechanical loads on the camera do not have any primary load paths through any of the optics. 

A preliminary, but detailed, structural analysis of the optics has been performed.  The stresses and 
minimum margins of safety are summarized in Table 8-4. 

Table 8-4: Minimum Margins of Safety for Optical Components and Structures 

Component Load Case Material σ allowable 
[MPa] * 

σ calc 
[MPa] 

Safety 
Factor1 

Margin of 
Safety 

L1 Camera 
Pressure  

Fused Silica 52.4 2.0 7.5 2.5 

L2 Gravity Fused Silica 52.4 0.2 7.5 34. 
L1-L2 Assy  Gravity Aluminum 

6061-T6  
241 27.8 2.0 3.3 

Filter Clamping Load  Fused Silica 52.4 1.9 7.5 2.7 
Filter Frame Thermal Titanium 

6AL-4V 
827 3 2.0 High 

L3 Atmospheric 
Pressure 

Fused Silica 52.4 6.2 7.5 0.13 

L3 
Structural 
Ring 

Atmospheric 
Pressure 

Titanium 
6AL-4V 

827 173. 2.0 1.39 

 

                                                             
1 Empirical data for fused silica shows a safe design allowable of 7MPa, which is the source of 
the 7.5 Safety Factor. 
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The lenses and filters contribute to the overall optical throughput losses of the camera and, as such, 
these optics are required to maximize the amount of light that can traverse the fused silica material. 
Figure 8-3 shows the expected throughput of the substrate alone for 1cm of fused silica. When applied 
to the various thicknesses of the different optical elements (lenses and filters), the overall throughput 
loss due to substrate is very small, (of the order of a few tenth of a percent) and is well within our 
overall throughput specifications. 

 

Figure 8-3: Substrate throughput 

8.2.3 Filter Bandpass and Optical Performance Requirements 
The filter complement will include six filters in the wavelength range limited by atmospheric absorption 
and silicon detection efficiency (320–1050 nm), with roughly circular, curved filters with no large gaps in 
the coverage, in order to enable robust and accurate photometric redshifts and stellar typing. An SDSS-
like u band is extremely important for separating low redshift quasars from hot stars and for estimating 
the metallicities of F/G main sequence stars. A bandpass with an effective wavelength of about 1 μm will 
enable studies of substellar objects, high-redshift quasars (to redshifts of ~7.5), and regions of the 
Galaxy that are obscured by interstellar dust. 

The current LSST filter complement (u, g, r, i, z, y) is modeled on the system used for the SDSS (Fukugita 
et al. 1996), which covers the available wavelength range with roughly logarithmic spacing while 
avoiding the strongest telluric emission features and sampling the Balmer break. Extension of the SDSS 
system to longer wavelengths (y-band) is possible because the deep depletion CCDs have high sensitivity 
to 1 m. The u-band improves the robustness of photometric redshifts of galaxies, stellar population 
separation, and quasar color selection, and will provide significant additional sensitivity to star 
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formation histories of detected galaxies.  The current LSST baseline design has a goal of 1% relative 
photometric calibration (x 1.6, which drives the requirements on the filter set.  

 

Figure 8-4: Filter band pass requirements 
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Figure 8-5: Filter uniformity requirement: Uniformity of the effective wavelength of the filter bandpass 
(integrated over the incident input cone) for any 100mm aperture shall be less than 2.5% of the nominal 
central wavelength relative to the nominal wavelength response (integrated over the incident input cone) 
defined at the central 100mm aperture Non-uniformity assumed to be monotonically changing as a function 
of radius. 

Reflection of light by the filter surfaces has to be minimized to maximize throughput through the optical 
components of the camera. Performance near 300 nm is the most difficult to achieve due to the 
dispersion of the materials in the region, hence limiting solutions across the full spectral range. Current 
interactions with vendors who can provide optics that meet the LSST requirements have shown analysis 
that the broad band AR coating with a 1% loss per surface is achievable (see Figure 8-6). Wide band AR 
coatings typically have, many, very thin layers that are critical to performance. Since these coatings 
extend into the near UV, those layers are physically very thin (10-200 nm thick) as well as optically thin. 
During deposition, this translates into a short layer time, which can create an azimuthal non-uniformity 
(nonuniform points on a constant radius on the optic). This thickness variation, if not taken into account 
during the deposition processes and chamber geometry, can cause significant spectral nonuniformity 
and will compromise optical quality. A development phase is planned with potential vendors to arrange 
the deposition geometry and processes appropriately and we will carefully monitor possible azimuthal 
variations in the thin layers of the coating in order to address those issues and suggest solutions to the 
vendors. 
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Figure 8-6: Anti-Reflection coating throughput 

8.3 L1/L2 Assembly 

8.3.1 L1/L2 Design Description 
The large L1 and L2 lenses are housed in a sub-assembly at the front end of the camera.  The L1 lens has 
a clear aperture radius of 775mm and forms the window into the camera volume, with a diameter 
(1.57m) nearly that of the camera itself.  With a clear aperture of 551mm, L2 is significantly smaller in 
diameter, but still large and heavy.  As shown in Figure 8-7, the two lenses are supported by a toroidal 
ring with a triangular cross-section; two sides of the ring are open in order to minimize weight.  The 
open-sections are designed to provide maximum stiffness in a compact package, to stay clear of the 
lens’ clear apertures on the inside, while not encroaching on the main light beam from the M2 to M3 
mirrors that grazes by on the outside.  Each lens is mounted to the ring by flexures that isolate the 
lenses from forces and moments due to distortions of the ring, and also ensures that the glass is 
supported to provide optical and mechanical stability.  The entire subassembly is kinematically 
supported by a hexapod of adjustable struts that offset the lenses from the front end of the camera 
body.  This assembly provides a stiff support for the lenses while minimizing the strain-induced loads on 
the glass. 
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Figure 8-7: L1/L2 Assembly mechanical components 

The mechanical design evolves from two driving requirements.  First, the physical motions of the lenses 
must be compatible with the overall camera image quality requirements.  When the camera is tilted or 
rotated, the gravity vector changes relative to the camera coordinate system.  All of the optical 
components will experience differential motion, affecting the image quality.  Some correction is possible 
through camera pointing.  A camera-level image quality analysis was performed resulting in mechanical 
stiffness requirements for the L1/L2 Assembly.  Secondly, the camera total mass and center of gravity 
requirements drive the assembly structure to be as lightweight as possible.  Because this assembly is at 
the extreme front end of the camera (The camera is downward looking), its mass is offset farthest from 
the telescope top end assembly.  This results in the largest moments and the biggest impact on the 
system natural frequency and response to dynamic loads.  Given that the size and mass of the lenses 
cannot be modified, the mass of the support structure must be carefully optimized to reduce unneeded 
structural mass while still providing adequate stiffness and stability. 
 
The efficient structural design of the L1/L2 assembly responds well to these competing requirements of 
structural stiffness and lightweight design, by providing an optimal balance of performance.  In 
particular, the toroidal shape provides superior stiffness when compared to comparable open section 
shapes.  The structure experiences in-plane shear forces from the mass of the lenses, but also undergoes 
torsion because the lenses are not aligned with the geometric center of the cross-section. 
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The tubular space-frame forming the inner cone of the support ring points to a heritage in aerospace 
structures.  Early frame designs included a sheet metal cone, but structural analysis indicated that the 
solid cone was not being efficiently loaded and perforating the cone with lightening holes would 
produce curved members not well suited for carrying structural loads.  The space-frame provides 
excellent structural stiffness along with light weight and relatively straightforward manufacturing.  The 
struts are axially loaded and are made from thin-walled aluminum tubes with epoxied end fittings.  The 
entire space-frame is considerably lighter than the original solid cone, while still providing adequate 
stiffness to react the combined shear and torsional loads. 

The lens assembly mounting struts form the final element of the structural design.  These support the 
mass of the entire assembly off of the front of the camera housing.  Their mounting locations have been 
optimized to reduce the impact of the point-loading on the deflection of the lenses.  In particular, the 
struts are actually mounted in the interior of the toroidal ring, near the neutral axis of the triangular 
cross-section.  The shape of the cross-section has been adjusted so that the shear center and center of 
gravity was brought in line with the neutral axis.  This ensures that the cone is supported in a location to 
minimize deflections from both out-of-plane bending as well as warping from in-plane shear. 

8.3.2 Mechanical Design & Analysis 
The L1/L2 lenses are large glass elements at the far front end of the camera.  In order to minimize 
moments at the camera to telescope interface, the structure was designed to be as lightweight as 
possible.  When subjected to the load cases discussed in the previous section, the glass exerts loads into 
the radial flexures, which act on the structural ring.  The structural ring carries the shear and torsional 
loads to three heavy duty brackets, which are connected to the six struts that form the kinematic L1/L2 
Assembly mount.  The six strut axial forces are then reacted into the camera body’s front flange. 

Depending on the camera elevation and rotation angle, the loads in each structural element varies.  In 
order to envelope every possible orientation, a 1G gravity was applied to the camera X, Y, and Z-axes.  
Using linear superposition, an envelope of every possible orientation was calculated.  The resulting 
interface loads and components stresses were calculated along with margins of safety. 

A detailed thermal analysis has not been performed, so realistic thermal gradients have not been 
calculated.  A conservative uniform temperature distribution was performed to evaluate stresses and 
distortions generated by differential material CTEs.  These interface loads and components stresses 
were appropriately superimposed with the inertial loads to calculate the maximum stresses. 

Because the camera is hermetically sealed from its surroundings and has a small positive internal 
pressure, there is a pressure gradient pushing outward on the L1 lens.  L2 is fully contained inside the 
camera, so it does not experience any pressure gradients.  The resulting stresses from the internal 
pressure load were calculated and superimposed with the intertial and thermal load results. 
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Figure 8-8: L1/L2 Structural analysis summary 

8.3.3 Optics Interfaces 
The most significant interface occurs between the lenses and the toroidal structural ring.  Because these 
two materials have very different CTE’s, the conceptual design employs radially oriented flexures to 
minimize thermally induces stresses.  The problem occurs when there is a decentering load on the 
lenses, it creates a stress field that is not axisymmetric.  Analysis shows that these stress levels are low 
enough that image quality is not severely impacted. 

Another interface that is very important is the orientation of the six struts.  These struts are designed to 
act like three A-frames, creating a kinematic mount for the L1/L2 ring.  The difficulty arises because the 
struts cannot mechanically meet at a sharp point.  To address this physical limitation, the virtual 
intersection point of the strut linesof-action are located at the cross section shear center.  This 
minimizes the amount of twisting in the toroidal ring. 
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Figure 8-9: L1/L2 Interface details 

8.3.4 Component Manufacturing 
Drawings for L1 and L2 fabrication are given in Figure 8-10 and Figure 8-11. L1 is composed of two 
spherical surfaces (one convex and one concave). The front side of L2 is plano while the back side is a 6th 
order polynomial asphere. The aspheric departure of L2 is shown in Figure 8-12, relative to a sphere fit 
to the vertex and edge of the lens. 



LSST Camera Conceptual Design Report 

185 
 

 

Figure 8-10: L1 fabrication drawings 



LSST Camera Conceptual Design Report 

186 
 

 

Figure 8-11: L2fabrication drawings 
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Figure 8-12: L2 aspheric departure 

The size and weight of any of the optics will cause noticeable sagging.  In order to minimize the effects 
of gravity, the wavefront specifications are written for the lens positioned horizontally with the front 
side of the lens facing downwards, i.e., in the same orientation as when the telescope is at zenith.  This 
eliminates an error term that would account for the difference between the testing orientation and the 
nominal orientation on the telescope.  Error terms would still exist for the difference in sag between the 
zenith orientation and any other arbitrary pointing orientation. 

Inspection polish on L1 and L3 edges and bevels are prudent in order to avoid providing a failure starting 
point for these under-pressure components. 

Wedge 

Wedge is typically measured by total indicator movement.  The lenses and filters have TIR specs of ~100 
μm, which are easily measured in standard setups. 
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The use of power spectral density for specifying wavefront is a way to control the ripple or “waviness” 
that tends to result when an optic is fabricated with small-tool polishing, as is often the case for 
aspheres.  Peak-to-valley and rms specifications by themselves do not sufficiently control the wavefront 
quality and could result in unacceptable image quality and/or distortion artifacts.  As an example, single-
point diamond turning can result in a distinct rippled “signature” which can cause undesirable artifacts 
in the image. 

Not many optics vendors are educated in the use of PSD’s, although their task is made easier by PSD 
analysis capabilities built into commercial interferometric analysis software.  Vendor’s understanding of 
PSD requirements needs to be considered in the bids. 

Typically, conventionally-polished parts will follow a spatial frequency-α power law, where α is typically 
2-3.  Knowledge of this range allows performance modeling using various cases of α and the 
development of an appropriate tolerance.    

The PSD specification is not quite enough to guarantee performance, as a vendor would not likely be 
able/willing to guarantee compliance with a given power law in polishing.  Prudence suggests including a 
maximum slope specification to minimize exposure on this point. 

8.3.5 Assembly &Test 
Spherical surfaces are the easiest to test since an interferometer fitted with a transmission sphere can 
produce an accurate spherical wavefront normally-incident to the optic-under-test.  Even if the 
transmission sphere does not produce a perfect spherical reference, any reasonable deviation can be 
calibrated out using well-established absolute sphere testing techniques.  

Testing aspheric surfaces is more difficult. Traditionally, separate null lenses were designed and built to 
test aspheric surfaces.  The null lenses were such that the combination of the null lens and the lens 
under test t would produce a spherical wavefront.  These null lenses were usually fabricated using 
spherical surfaces which were relatively easy to test and assemble.  The additional steps involved, 
however, create increased opportunity for error.  The primary mirror of the Hubble Space Telescope is 
the most vivid example of the mischief that can be caused by the additional complexity of a null lens. 

Other techniques reduce the likelihood of error.  For small amounts of departure from spherical shapes 
and slopes, the known departure can be subtracted out via a calculated reference file.  For larger 
aspheric departures or very high precision smaller aspheric departures, one needs to take into account 
ray re-trace errors:  if a spherical wavefront is incident onto an aspheric surface, then the reflected 
wavefront will not follow exactly the same path on the return trip, a common approximation in 
interferometry.  This can be managed with analysis.  Large aspheric departures can be handled with 
other techniques such as sub-Nyquist interferometry. 

 In LSST, the approach taken was to design the optical component null tests simultaneously with the 
design of the telescope. As a result, each optic has a test that uses an incident spherical or flat 
wavefront and produces a spherical or flat wavefront as though spherical surfaces were being tested. 
Vendors could choose a different testing technique that is more suited to their capabilities, but the 
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designed null test provides confidence that the optic can be tested. The L1 null test is depicted in Figure 
9-14 below; the L2 test is depicted in Figure 8-15 below. 

8.3.5.1 L1/L2 assembly null test 
A null test also exists for the L1/L2 assembly. The null test includes a plane parallel window which is 
105.2mm thick.  The position of the window is not crucial. The purpose of the window is to add the 
correct amount of spherical aberration to null the expected wavefront.  Alternatively, the test could be 
performed without the window with a ~15.4 wave P-V spherical aberration offset in the interferometer 
reference file. 

8.4 L3 

8.4.1 L3 Design Description 
The L3 lens assembly is the vacuum barrier for the cryostat containing the detector array.  The assembly 
is mechanically fastened to the top flange of the cryostat housing with a ring of screws.  A double O-ring 
seal ensures a tight vacuum seal. Figure 8-13 shows a cross sectional view of the L3 Assembly and its 
interface to the Cryostat housing. 

The three structural components to this assembly are the L3 Lens, the structural ring, and the retaining 
ring.  The L3 lens is the window of the cryostat and carries the atmospheric pressure loads.  These 
pressure loads find a load path into the structural ring, the second structural component.  This structural 
ring is a thick annular ring machined from Titanium alloy, capable of carrying the high annular bending 
stresses. The final structural component is the retaining ring, which serves to stabilize the L3 lens in its 
mount. 

 

Figure 8-13: L3 Assembly mechanical components 
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Figure 9-14: L1 null test 
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Figure 8-15: L2 null test 
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8.4.2 Mechanical Design & Analysis 
The L3 assembly does experience inertial accelerations and thermally induced loads, but the largest 
stresses, by far, come from the atmospheric pressure loads.  The forces due to inertial accelerations are 
a function of the L3 mass.  This results in relatively low maximum forces (0.8 kN max).  The thermal 
distortion between the metallic structural ring and the lens is significant, but because the actual mount 
is Viton, a compliant material, the stresses generated by thermal distortion are also low (resulting stress 
<1MPa). 

The atmospheric loads can be enveloped by assuming a complete vacuum on the interior volume of the 
cryostat (Pi=0) and the worst case atmospheric pressure on the outside (Po=lowest elevation where 
vacuum is pulled).  The atmospheric pressure at SLAC is 101 kPa and envelopes the worst case external 
pressure the L3 assembly will experience.  In addition to the atmospheric pressure, there is also a small 
over pressure from the purge system.  Accounting for worst case overpressure, the maximum pressure 
is 115 kPa.  Over the area of L3, the total force is calculated to be 48.1 kN. 

Implosion is a serious concern because it could result in damage to the science sensors or the glass could 
fall out of its mount onto the shutter or other camera components.  Some conservative fracture 
analyses have been performed to ensure that 1) there is adequate margin of safety against fracture, and 
2) if there is a fracture, L3 will not implode, but instead jam in its mount and allow safe re-pressurization 
of the cryostat. 

The pressure loads find a load path into the structural ring through a Viton gasket.  A detailed FEA model 
of this interface was studied and it was found that the compressive stresses in the Viton gasket are 
within the material constraints; the structural ring, a thick Titanium annulus, is also capable of carrying 
the high annular bending stresses.  The final structural component is the retaining ring, which primarily 
serves to stabilize the L3 lens in its mount.  These stresses are very low and have correspondingly high 
margins of safety.  The stress analysis of L3 and minimum margins of safety are summarized in Figure 8-
16 and Table 8-5. 
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Figure 8-16: L3 Stress analysis summary 

Table 8-5: L3 Minimum Margins of safety 

Load Case Component Material σ allowable 
[MPa]* 

σ calc 
[MPa] 

Safety Factor* Margin of 
Safety 

Atmospheric 
Pressure 

L3 Fused Silica 52.4 6.2 7.5 0.13 

Atmospheric 
Pressure 

L3 Structural 
Ring 

Titanium 
6AL-4V 

827 173. 2.0 1.39 

Thermal 
Load 

L3 Fused Silica  52.4  0.7 7.5  8.98 

Combined 
Atm + 
Thermal 

L3 Fused Silica 52.4 5.5 7.5 0.27 

* Empirical data for fused silica shows a safe design allowable of 7MPa, which is the source of the 7.5 Safety Factor. 

8.4.3 Optics Interfaces 
As discussed briefly previously, the L3 lens does not contact metal directly – the mounting is via two 
elastomeric parts.  To transfer the atmospheric pressure loads, there is a flat gasket between the lens 
and the Titanium structural ring.  The width and thickness of the gasket was designed to minimize stress 
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concentrations.  The second interface is an O-ring between a chamfer in L3 and the titanium retaining 
ring.  This O-ring not only provides centering and stabilization of L3, but also forms a vacuum seal for the 
annular volume at the lens edge.  This interface is detailed in Figure 8-17. The gasket and O-ring 
materials are both Viton, chosen for its compatibility with vacuum, excellent compression-set 
characteristics, temperature operating range, and heritage in previous vacuum vessel applications. 

 

Figure 8-17: L3 interface details 

8.4.4 Component Manufacturing 
Figure 8-18 shows the L3 fabrication drawing.  As with the other elements, the substrate is fused silica 
with a convex conic on the front side and a convex sphere on the other side.  L3 is designed such that a 
correctly-positioned point source on incident on the back side will produce a perfectly-corrected beam. 

The aspheric departure is modest for such a large optic:  at most about 14 μm when fabricated using a 
best-fit sphere   
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Figure 8-18: L3 fabrication drawings 

The aspheric departure of the front surface of L3 is shown in Figure 8-19, relative to a sphere fit to the 
vertex and edge of the lens.  The aspheric departure is small enough so that one could test this surface 
with a spherical beam if one has a sufficiently large transmission sphere.  The null test for L3 is 
particularly attractive; however, the only large optic required is a flat mirror.  Absolute flat testing 
techniques reduce the requirements for the wavefront quality of the flat mirror. 
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Figure 8-19: L3 aspheric departure 

8.4.5 Assembly & Test 
Two interferometric tests are required to guarantee compliance.  One surface should be tested in 
reflection—always a spherical or flat surface.  Then the null test should be performed that takes into 
both surfaces. 

The aspheric departure on L3/S1 is small enough so that the surface can be tested by itself in reflection 
by using a “dry-labbed” reference file.  The maximum departure of 14 μm is only about 20 fringes, well 
within the ability of a modern interferometer to analyze. 

8.4.6 Filter Mechanical Design & Analysis 
The filters are mounted in a titanium frame that holds the glass steady while minimizing stress, as well 
as providing the mechanical interfaces to move the filters, and the fiducials required to locate the filters 
in the online position within the required precision tolerances.  The frame comprises two precision 
machined titanium rings.  The first ring is structural and is the same for all filters.  It serves four primary 
purposes: 1) locates the filter with respect to the first surface; 2) contains the mechanical fiducials used 
in the repeatable interface; 3) provides interface to Auto Changer, Carousel and Loader mechanisms; 
and 4) provides the structural frame to minimize loads into the filter.  The second ring is a retaining ring 
that provides the required clamping force to immobilize the filters in the frame.  There is an elastomeric 
gasket and o-ring to mount the filter to the frame. Figure 8-20 shows a cross-sectional view to detail the 
filter mount. 
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Figure 8-20: Filter Interface details 

When the retaining ring is fastened to the structural ring, the gasket and O-rings are compressed, 
imparting stress into the filter.  Thermal distortion will also result in stresses in the filters.  The main 
concern in these stresses are that they could either damage the filter coatings or result in a stress-
induced index change in the glass.  Both of these effects were examined carefully via FEA and found to 
be of no concern.  Another potential concern is that the online position is somewhat over-constrained 
because there are four restraints in the out-of-plane direction.  If these interface points should distort as 
a result of a changing gravity vector, loads would be imparted into the filters.  These worst case loads 
were accounted for through the full camera FEA, and the resulting loads were found to be of no 
concern.  The standard set of inertial loads experienced during operation was also examined.  The 
results of the analysis are summarized below. 
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Figure 8-21: Filter stress analysis summary 

8.4.7 Filter Coating Design 
The LSST filter complement (ugrizy) is modeled after the Sloan Digital Sky Survey (SDSS) system 
(Fukugita et al. 1996) because of its demonstrated success in a wide variety of applications, including 
photometric redshifts of galaxies (Budavári et al. 2003), separation of stellar populations (Lenz et al. 
1998; Helmi et al. 2003), and photometric selection of quasars (Richards et al. 2002). The extension of 
the SDSS system to longer wavelengths (the y band at1 μm) is driven by the increased effective redshift 
range achievable with the LSST due to deeper imaging, the desire to study substellar objects, high-
redshift quasars, regions of the Galaxy that are obscured by interstellar dust, and the scientific 
opportunity enabled by modern CCDs with high quantum efficiency in the near infrared. We have 
investigated the possibility of replacing the ugrizy system with a filter complement that includes only 
five filters.  For example, each filter width could be increased by 20% over the same wavelength range 
(neither a shorter wavelength range, nor gaps in the wavelength coverage are desirable options), but 
this option is not satisfactory. Placing the red edge of the u band blueward of the Balmer break allows 
optimal separation of stars and quasars, and the telluric water absorption feature at 9500 Angstroms 
effectively defines the blue edge of the y band. Of the remaining four filters (griz), the g band is already 
quite wide. As a last option, the riz bands could be redesigned as two wider bands. However, this option 
is also undesirable because the r and i bands are the primary bands for weak lensing studies and for 
star/galaxy separation, and chromatic atmospheric refraction would degrade the point spread function 
for a wider bandpass. 
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8.4.8 Development Plan 
The LSST filters are significantly large compared to previous systems, with a clear aperture of 756cm. 
Their coating uniformity and band-pass performances have been identified at the project level to be a 
high risk item. The project has therefore put in place a comprehensive development plan with a primary 
goal set toward reducing risks related to the fabrication of the filters. This plan is broken down in the 
following phases: 

• Design Study phase with leading vendors in the industry: The LSST camera project has 
conducted design studies with 3 vendors leading the industry across the world. One vendor 
JDSU Uniphase is located in the USA, the second vendor SAGEM is located in France and the 
third vendor Asahi Spectra is located in Japan. The result of this design study provided a better 
understanding of the critical issues in the filters coating requirements and manufacturability. 
The results obtained demonstrated feasibility of the coating uniformity based on previous 
experience as well as overall feasibility of the bandpass performances. However, the shape of 
the bandpass as well as out-of-band rejection has been identified as still a critical aspect of the 
filters for all vendors. Additionally, process variability on the coating transmission features was 
identified as a critical issue.  Given the high cost of the filter (blank and polishing) before 
coating, it is imperative to ensure that the coating meets all requirement in a single attempt. 

• Coating process development to achieve 1% variability required for bandpass shape 
performances. This phase involves working with vendors towards an equipment upgrade and 
demonstration of the required variability. The equipment upgrade includes improvements of the 
control of deposition geometries and advanced on-part monitoring for precise placement of 
edges at multiple wavelengths and multiple positions on the filter. 

• Prototype filter. During this phase, selected vendors will produce small witness samples coated 
at simulated location on the filter. This phase will demonstrate performances of two 
representative filters: u-band filter due to its critical repeatability and bandpass shape accuracy; 
r-band filter as a representative filter demonstration edge control on two sides.  

• First article of one filter. During this phase, selected vendors will produce a full size first article 
filter. This phase intends to demonstrate the full process from blank procurement, polishing and 
coating to ensure that the process expected to occur at different vendors is fully understood. 
Additionally, the large size coating performances in terms of shape and uniformity will be 
demonstrated early. 

Vendors have showed interest into conducting this development plan and indicated that it could be 
conducted in 12 to 15 months, which aligns well with the overall schedule of the LSST Camera project. 

8.4.9 Component Manufacturing 
Each filter is a thin meniscus with similar (and in some cases, identical) radii of curvature on the two 
sides.  The filters share a common radius of curvature on their convex sides.  Thicknesses vary in order 
mostly to correct the spherical aberration for the wavelength band of that filter.  The chief rays are 
perpendicular to the front surface, and nearly so on the back surface (<0.1°) so that there is minimal 
field dependence of the filter coating performance.  The optics are thin but manufacturable, as indicated 
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in vendor quotes.  Since the filter has almost zero power and is nearly concentric about the pupil, there 
is little effect from bending due to changing gravity vector. 

 

Figure 8-22: Filters fabrication drawings 

8.4.10 Assembly & Test 
The filter null test is given in Figure 8-23. The tests for all the filters have the same basic setup, with 
minor distance changes from filter to filter. 
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Figure 8-23: Filters null test 
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8.5 Alternative Analysis 

8.5.1 Optical design 
Significant trade studies were conducted at the Observatory level on the overall optical design, 
examining trade-off in aspheric departure between the secondary mirror and the L2 lens for 
manufacturability risk reduction, as well as trade-off for testability and verification of all of the optical 
components (all mirrors and lenses). 

Additional alternative analyses were conducted within the optical element of the Camera. Three overall 
topics were addressed and assessed for performance, manufacturability, as wel as cost and risk 
reduction. 

The first analysis concerned the number of Camera optical elements and corrective surfaces. Several 
configurations were studied, with an eye to either removing an optical element (L1 or L2) or forcing the 
L3 lens to have flat surfaces. Upon analysis, it was found that to fully correct for chromatic aberrations 
(initially caused by the presence of a Cryostat entrance window), six surfaces are needed, requiring 
three optical elements. While some of the alternate configurations offered a significant cost savings (on 
the order of $1M), image quality was found to be significantly degraded by factors of two on all bands 
for any alternative design. Schedule was not found to be affected by these alternatives . 

The second analysis was motivated by the desire to reduce risk due to high aspect ratio lenses. While we 
have confirmed through vendor interactions that the baseline design can be manufactured under 
reasonable technical risks, several designs with thicker lenses have been studied. Analysis has shown 
that, since thicker lenses require more blank material (fused silica) for fabrication, the costs of these 
alternate designs are slightly higher, a conclusion confirmed by each of the vendors that are currently 
under consideration. Thicker lenses might be easier to manufacture using more traditional polishing 
techniques; however, modern techniques do not seem to benefit greatly from thicker lenses, beyond a 
reduced risk of breakage. The analyses predict that the optical performance of thicker lenses would be 
reduced by up to 30% for the bands at the edge of the LSST spectrum (u and g bands as well as y band). 
In addition, use of thicker lenses was found to have a significant impact on the Camera mass allocation 
as well as center of gravity and moment of inertia, causing the overall design to be out of specifications. 

The last analyses concerned the choice of curved or flat filters. The baseline design uses curved filters to 
maintain the incident cone angle constant across the field. This is mainly driven by uniformity 
constraints and the fact that interference coatings are generally dependent on the incident angle, 
possibly requiring varying coating for equivalent performances on flat filters. Cost savings would be 
attractive, since manufacturing flat filters allows an estimated saving of ~$200K per filter. While it was 
found that the uniformity error introduced by using flat filters with uniform coating is within the 
requirements, a flat filter design used most of the allocation available, and as such removed all margin 
required from vendors due to risk in uniformity over large optics. Additionally, image quality 
performance was slightly degraded, since flat filters lack – and curved filters provide – a small amount of 
power that allows for correction of secondary effects. Finally, the current curved filters have the added 
advantage of providing mechanical clearance in the exchange mechanism. The baseline design using 
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curved filters provides a clearance of 12.5mm with the L3 flange during the move to the online position, 
while a flat filter would interfere with the L3 flange. 

8.5.2 Filter coating 
For the LSST filters design study, one vendor, SAGEM, has proposed two different approaches, the 
others two vendors, JDS Uniphase and Asahi Spectra selected a single approach. One approach that we 
name High Pass and Low Pass filters is based on coating a Low Pass filter on one side of the substrate 
and the High Pass filter on the other side. The other approach is based on Fabry-Perot structures 
(periodic mirrors) that are assembled together to obtain the design required. The designs based on the 
High Pass and Low Pass structures (studied by all vendors) are more efficient as defined by the 
requirements especially in the I-band where a smaller number of ripples are observed in the 
transmittance curves. For the others requirements, the two designs are equivalent. Nevertheless, from a 
manufacturing point of view, the filters based on the Fabry-Perot structures are less risky, especially 
concerning the Central Wavelength (CWL). During the coating process of the Fabry-Perot structures, the 
duration of coating of each specific layer can be re-adjusted. This point is very important for the cross-
over of adjacent filters. This feedback adjustment is not possible for the High Pass and Low Pass 
structures. 

The solutions (Fabry-Perot and HighPass+LowPass structures) have been studied in parallel by SAGEM, 
while JDS Uniphase and Asahi spectra found that the HighPass+LowPass solution was preferred. Each of 
them brings advantages and drawbacks that are discussed and summarized in Table 8-6. 
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Table 8-6: Comparison between the Fabry-Perot and High Pass/Low Pass designs 

 
 



LSST Camera Conceptual Design Report 

205 
 

9: Science Sensors 
9.1 Introduction ......................................................................................................................... 206 

9.2 Science Sensor Requirements............................................................................................... 207 

9.2.1 Quantum Efficiency Requirements................................................................................ 208 

9.2.2 Image Quality Requirements ........................................................................................ 209 

9.2.2.1 Image Size and Ellipticity ........................................................................................... 209 

9.2.2.2 Full Well Capacity and Residual Image ...................................................................... 214 

9.2.2.3 Dark Current and Cosmetic Defects .......................................................................... 215 

9.2.3 Electrical Requirements ................................................................................................ 215 

9.2.3.1 Read Noise and Readout Time .................................................................................. 215 

9.2.3.2 Linearity ................................................................................................................... 215 

9.2.3.3 Crosstalk ................................................................................................................... 215 

9.2.3.4 Power Dissipation ..................................................................................................... 216 

9.2.4 Fill Factor and Pixel Size Requirements ......................................................................... 216 

9.3 Optimization of the Sensor Design ....................................................................................... 216 

9.3.1 Silicon Thickness ........................................................................................................... 216 

9.3.2 Charge Collection Polarity ............................................................................................. 217 

9.3.3 Segmentation ............................................................................................................... 218 

9.3.4 Packaging ..................................................................................................................... 218 

9.3.4.1 Mechanical Design .................................................................................................... 219 

9.3.4.2 Thermal design ......................................................................................................... 220 

9.3.4.3 Electrical interface design ......................................................................................... 221 

9.4 Sensor Development and Risk Mitigation ............................................................................. 221 

9.4.1 Phase 1: Technology Demonstration ............................................................................. 221 

9.4.2 Phase 2: Full Prototypes ............................................................................................... 222 

9.4.3 Summary of prototype sensor development: ................................................................ 226 

9.4.4 Production.................................................................................................................... 226 

9.4.5 Risk mitigation .............................................................................................................. 226 

9.4.6 References for Development Plan................................................................................. 227 

 



LSST Camera Conceptual Design Report 

206 
 

9 Science Sensors 

9.1 Introduction 
The instrument performance of the LSST Camera will be dominated by the focal plane sensors. 
Significant advances over the present state-of-the-art are required to achieve the broadband high 
sensitivity, fast readout, and exquisite image quality demanded by the LSST’s ambitious science goals. At 
the same time, the imager must be stable and robust to ensure a consistent high level of data integrity 
throughout the survey, and to avoid unnecessary downtime for maintenance and repair. A set of 
requirements has been defined (described in the next section), and selection of the final sensor will be 
taken after a prototyping and testing program. 

Technology for visible light imaging is rapidly evolving and several candidate devices have been 
considered for use in the LSST focal plane. Charge-coupled devices (CCDs) are considered the 
performance benchmark in photography, scientific, and industrial imaging and have a long heritage in 
ground- and space-based astronomy. Monolithic CMOS sensors are fabricated using modified versions 
of standard CMOS integrated circuit processes and are becoming competitive with CCDs in several 
market segments. Hybrid p-i-n/CMOS sensors attempt to overcome the limitations of monolithic CMOS 
sensors by bump-bonding a p-i-n diode array to a readout integrated circuit (ROIC or multiplexer) 
fabricated in a conventional mixed-signal CMOS process. Both types of CMOS sensors differ from CCDs 
in having circuits which perform charge-to-voltage conversion within each pixel rather than transporting 
charge to a small number of amplifiers at the periphery of the array. CMOS sensors also take advantage 
of the native highly-integrated on-chip electronics to provide flexible readout modes, electronic 
shuttering, and low power dissipation. 

Monolithic CMOS has several drawbacks for low-light, high dynamic range imaging encountered in 
astronomy. To stay within the fabrication capabilities of an IC line, these devices are typically produced 
with thin (1 – 10 μm) sensitive thicknesses, limiting their red sensitivity. More importantly, by 
incorporating readout electronics within each pixel the light-sensitive area is less than 100%. Deposited 
microlens arrays are often used to increase the effective fill factor in front-illuminated configurations 
(the majority of applications for CMOS sensors are front-illuminated). Low noise can only be achieved by 
use of special processes which allow pinned photodiode, 4-transistor circuits that perform in-pixel 
correlated double sampling (CDS).  Although initially expected to benefit from low-cost CMOS 
manufacturing processes, the accommodations needed to achieve good imaging performance have 
required specialized, low-volume foundries, similar to CCDs.  

Hybrid p-i-n/CMOS detectors are made as a sensor-chip assembly, where the photosites are a p-i-n 
photodiode array fabricated on thick, high-resistivity, back-biased silicon to which the ROIC containing a 
pitch-matched array of pixel amplifiers is bump-bonded. By decoupling the fabrication processes of the 
sensing and readout structures, both can be optimized independently. These sensors are back-
illuminated, have 100% pixel fill-factor, and can use thick silicon to achieve good sensitivity in the red. 
Non-destructive readout (multiple reads can be performed without pixel reset) permits noise reduction 
and cosmic ray rejection by sampling multiple times during exposure, and in-pixel reset circuitry can 
function as an “electronic shutter”, eliminating the need for mechanical shuttering. Since charge is not 
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shifted from the photosite to the amplifier sense node, there are no issues of charge transfer 
inefficiency (especially significant for devices operated in a radiation environment). On-chip electronics 
permits flexible readout modes as in monolithic CMOS, at the expense of some loss of fill-factor for 
buttable imagers. This technology is an offshoot of infrared staring arrays using InSb or HgCdTe as the 
photosensor, which are extensively used in military surveillance and targeting applications as well as in 
IR astronomy.  

Silicon-based visible hybrid p-i-n/CMOS arrays have seen only limited use in astronomy to date [Ref: Y. 
Bai, J. Bajaj, J. Beletic et al., “Teledyne Imaging Sensors: Silicon CMOS imaging technologies for x-ray, UV, 
visible, and near infrared”, Proc. SPIE 7021, 702102 (2008), doi: 10.1117/12.792316; B. Dorland, G. 
Hennessy, N. Zacharias, et al., “Laboratory and Sky Testing Results for the TIS H4RG-10 4k x 4k, 10 
micron visible CMOS-Hybrid Detector”, Proc. SPIE 6690, 66900D (2007), doi:10.1117/12.734145; L. 
Simms, D. Figer, B. Hanold, et al., “First use of a HyViSi H4RG for astronomical observations”, Proc. SPIE 
6690, 66900H (2007), doi:10.1117/12.740088]. Performance is similar to CCDs, but limitations have 
been found: read noise is not as low as CCDs operated at equivalent frame rate; dark current density has 
been relatively high; there are significant numbers of isolated dark pixels due to bump bond failure; 
bright defect density is higher than in CCDs; and, there is coupling between adjacent pixels through 
mutual capacitances, resulting in pixel-pixel correlation artifacts. Residual image charge has been 
observed [Dorland] at the level of 8e-/pix/s at 120K which persists for several hours after 100X full well 
illumination. Another concern related to oversaturated illumination is permanent threshold shift of the 
input transistor of the 3.3V ROIC. At high illumination levels and with the substrate biased to minimize 
charge diffusion, the pixel’s sense node will rise towards the substrate (most positive) potential. The 
gate oxide of the source follower may be stressed beyond its rated breakdown voltage or may suffer 
permanent threshold shift, by an amount which depends on detector bias, temperature, illumination 
level, integration time, and frame rate. 

Although hybrid and monolithic CMOS sensors are promising technologies offering features that would 
simplify some engineering aspects of LSST’s large-area focal plane, concerns about performance, 
technological maturity, and high cost led us to choose CCDs as the baseline technology for the science 
array. 

9.2 Science Sensor Requirements 
The key requirements for LSST sensors are wideband quantum efficiency (QE) extending beyond 1 μm in 
the red, control of point spread function (PSF), and fast readout using multiple amplifiers per chip 
operated in parallel. In addition, LSST’s fast optical system (f/1.23) places severe constraints on focal 
plane flatness. At the chip level this involves packaging techniques to minimize warpage of the silicon 
die, and at the mosaic level careful assembly and metrology to achieve a high coplanarity of the sensor 
tiles. A summary of the science drivers and the implications for sensor technology is given in Table 9-1. 

Table 9-1: Science requirements impact on imager technology 

Large field of view implies 
physically large focal plane 
(64cm φ) 

 Modular mosaic focal plane 
construction 

 21 rafts × 9 4K  CCDs/raft 189 
CCDs total 3.1Gpix 



LSST Camera Conceptual Design Report 

208 
 

Broadband, high spectral 
sensitivity 

 Thick silicon sensor, back 
illuminated, AR coat 

100μm thickness for IR 
sensitivity Thin conductive 
window with AR coating 

Seeing-limited image quality Internal electric field to minimize 
diffusion 

High resistivity, biased silicon 
(> 3 kΩ-cm, -50V) 

Fast readout (2s) with low noise 
(5 e-) 

Highly parallel readout 
electronics 

 16 amplifiers/4K CCD 

Fast f/1.2 beam, shallow depth 
of focus 

Tight alignment and flatness 
tolerance 

Flatness: 5μm 
Alignment(z axis): 10μm 

Plate scale 20”/mm Small pixels, close butting Pixel: 10μm 
Chip-chip gap: 250μm 

9.2.1 Quantum Efficiency Requirements 
The quantum efficiency requirement for the sensors derives from the Science Requirement DB1, single 
visit image depth per band in fiducial observing conditions, combined with the expected throughput of 
the telescope and camera optical elements. The allocation to the sensors is shown in the following table. 

Table 9-2: Sensor QE allocation derived from throughput requirements in six bands 

Filter  Wavelength 
red – mid - blue 

5σ limiting mag 
(SRD DB1) 

QE requirement 
(band averaged) 

u 324 – 354 - 383 23.9 0.403 
g 409 – 475 – 540 25.0 0.75 
r 560 – 620 – 679 24.7 0.88 
i  700 – 752 – 803 24.0 0.766 
z 830 – 867 – 904 23.3 0.606 
y 936 – 1018 – 1100 22.1 0.127 
 nm mag   

The quantum efficiency of the sensors is limited by three factors: reflection from the entrance surface, 
absorption in the bulk of the sensor, and possible recombination losses (dead layer) near the entrance 
window. These losses have different effects in different parts of the wavelength range. The only 
practical material system for optical sensors in this wavelength range is silicon, and the properties of 
silicon are assumed in the following discussion. 

The reflectivity of bare silicon to light at normal incidence ranges from 32% in the near IR to over 54% in 
the UV. Antireflection coating the silicon surface can cut down the reflection loss to much lower levels, 
and with sufficient number of layers of proper thickness and refractive index, can reduce reflection 
levels to a few percent across the full LSST band 320 – 1100nm. However, the absorption length for red 
light is a strong function of wavelength and temperature, reaching over 100 μm at and beyond 950nm at 
-100 ºC [REF 7.2A: K. Rajkanan et al., Sol. St. Electr. 2, 793-795 (1979)]. To meet the QE requirement in 
the z and y bands, therefore, thick silicon is needed: at least 83 μm if the operating temperature is -120 
ºC and no AR coating is applied. At warmer temperature and with an AR coating that reduces losses to 
the 5% level in y band, the thickness could be reduced to 50 μm to achieve the same QE.  
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9.2.2 Image Quality Requirements 

9.2.2.1 Image Size and Ellipticity 
The LSST optical system is designed to deliver point source images whose diameter at the focal plane is 
less than 10μm (50% encircled energy) in the absence of atmospheric seeing. Science requirement S1 
specifies that the final image quality will be dominated by the atmosphere, i.e. that the system 
contribution to the delivered image quality never exceeds 15% degradation due to hardware. For 
median site seeing of 0.6”full width at half max (FWHM), this means the telescope plus camera can 
contribute no more than 0.35”FWHM to the point spread function (PSF). The allocation to the camera is 
0.25” FWHM, which corresponds to a one-sigma width of 5.3μm for a Gaussian profile.  

Charge Diffusion 

The sensor will contribute to image size increase due to several mechanisms, the most important of 
which is charge diffusion. In a thick, back-illuminated silicon sensor, charge generated near the entrance 
surface must be transported to the potential wells on the electrode side for collection. In particular, 
short wavelength light is absorbed very near the entrance surface (within the first μm for λ < 500nm) 
and the photogenerated charge must be transported across the full silicon thickness. In the time taken 
to move to the electrode side the charge will experience lateral diffusion, increasing the effective image 
size. It is important to minimize the transit time by ensuring that a high electric field exists throughout 
the sensor. If any portion of the silicon thickness is undepleted, i.e. field-free, lateral diffusion will 
increase significantly [Ref 7.2B: S.E. Holland, D.E. Groom, N.P. Palaio, R.J. Stover, and M. Wei, “Fully 
depleted, back-illuminated charge-coupled devices fabricated on high-resistivity silicon”, IEEE Trans. 
Elec. Dev. 50, pp. 225-238 (2003)].. Therefore, the entire silicon thickness must be fully depleted by 
applying sufficient voltage to the back (entrance) surface. The full-depletion voltage is  

  

Where q is the electron charge, ND is the dopant density, t is the thickness, and εSi is the dielectric 
constant of silicon.  For 100μm sensor thickness, full depletion is only possible at reasonable voltage if 
the doping concentration is below 1013 dopants/cm3. Higher resistivity material will deplete at lower 
voltage, and it is desirable to operate the sensor above full depletion to increase the electric field 
strength, reduce the transit time, and thereby limit lateral diffusion. 

Carrier drift velocity in high-resistivity silicon is limited by phonon scattering and is strongly dependent 
on temperature. At the field strengths expected in the overdepleted LSST sensors, carrier velocity 
saturation must be taken into account as well.  

In our CCDs the depletion voltage will be applied between the entrance surface and the buried channel 
on the electrode side, and will have a linear dependence on thickness E(x) = E0 + Ax according to the 
straightforward solution of Laplace’s equation in 1D. We can then express the transit time of carriers 
generated at the entrance surface as  
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Eqn: t = integral from 0 to d of 1/velocity(E(x),T) dx.  

Lateral diffusion of photogenerated charge will result in a Gaussian PSF profile with a width that is a 
function of the diffusion coefficient for free carriers at temperature T. The resulting PSF is shown in 
Figure 9-1 as a function of thickness, temperature, and carrier type. 

 

Figure 9-1: PSF vs. thickness 

In Figure 9-2, charge diffusion is compared for 50-, 100-, and 150μm-thick sensors on p-type and n-type 
material as a function of the applied substrate voltage. For a given thickness and temperature, diffusion 
is smaller for sensors fabricated on n-type silicon. This is because the saturated drift velocity of holes is 
comparable to that of electrons, hence their transit times are similar, while the diffusion coefficient for 
holes is about three times smaller than that for electrons. 
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Figure 9-2: Charge Diffusion PSF vs. substrate voltage 

Charge Transfer Inefficiency 

In CCD sensors, the image size and ellipticity will also be affected by charge transfer inefficiency (CTI) 
and charge trapping. In the simplest case CTI is uniform, i.e. each shift transfers a fraction (1-CTI) of the 
charge in a given pixel, leaving the remaining charge behind in the original pixel. In general, CTI can have 
different values in the vertical and horizontal shift directions, and the number of shifts may differ 
depending on the array format. Figure 9-3 shows the effect of vertical CTI on image size for a CCD with 
2000 rows. For CTI in the range 10-5 or better, the impact on PSF is less than 2% increase. Depending on 
the relative values and number of shifts in each axis, CTI will also induce ellipticity into the point spread 
function.  
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Figure 9-3:  PSF broadening due to charge transfer inefficiency) 

Beam Divergence in Silicon 

In a low-f number optical system like LSST, light is incident on the sensor at large angles from the 
normal. Figure 9-4 shows an optical raytrace result from the LSST f/1.23 configuration. Because of the 
high index of refraction of silicon, the light “cone” has a smaller half-angle inside the silicon than in air. 
The lower half of the figure shows the absorption of light of two wavelengths. For long wavelengths 
where the light absorption length is much greater than the sensor thickness, the light is absorbed almost 
uniformly, while shorter wavelength light is strongly absorbed at the surface. 
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Figure 9-4: PSF broadening due to divergent optical beam in silicon 

To evaluate this effect, we performed Monte-Carlo simulations for absorption lengths of 2, 10, 50, 100, 
200, and 300 μm and for sensor thicknesses from 50 to 250 μm. For each configuration, ten thousand 
rays were traced into a thick silicon layer and the depth of conversion was selected according to the 
appropriate exponential probability distribution. The resulting ionization distribution was then projected 
onto the collecting surface, with the effect of diffusion optionally included based on the drift distance of 
each electron and using the expressions developed in the previous section.  

This method can also be used to study the optimum position of the focal plane. Because of the weak 
absorption at long wavelengths, the projected charge distribution on the electrode side of the sensor 
can be made smaller by displacing the focal plane in the direction of the incoming light. Figure 9-5 
illustrates the effect. When the sensor is displaced towards the incoming rays, long-wavelength light 
comes to a focus within the body of the sensor and the projection of the generated charge forms a 
smaller spot. The amount of focal plane displacement is highly sensitive to wavelength and also depends 
on temperature.  
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Figure 9-5: Effect of divergent light cone on PSF in the NIR 

Non-Flatness and Z-height Variation 

By design the optical focal plane of LSST is nearly flat across the 64cm diameter. The physical focal 
plane, a mosaic of roughly 200 sensors, is also designed to be flat. However, at the fast focal ratio of 
f/1.23 the depth of focus is small. The image quality allocation for focal plane non-flatness is 43 
milliarcsec FWHM, which corresponds to 14 μm peak-to-valley z-height variation if uniformly distributed 
[REF: A. Rasmussen, personal correspondence]. This variation will have contributions from non-flatness 
of the silicon surfaces of the sensors, and from the tip-tilt and piston of the sensors when mounted to 
their supporting structures (Rafts and Grid).  

9.2.2.2 Full Well Capacity and Residual Image 
The charge capacity of a pixel is limited to the depth of the charge-collecting potential wells, the pixel 
area, and the number of collecting phases (in case of a CCD). It is desired to have a full-well charge 
capacity at least 90,000 electrons, in order to image sources 8 magnitudes brighter than the single-visit 
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5-sigma limit without saturation. This will enable 16th magnitude photometric standard stars to be used 
for calibration.  

In some sensors, residual charge produced by bright sources can be trapped and released after a time 
delay, causing ghosts to appear in subsequent images. Persistent image artifacts are required to be 
below the level of 2x10-4 after one readout, and less than 5x10-5 after 10 readouts.  

9.2.2.3 Dark Current and Cosmetic Defects 
Dark current accumulates in all pixels during exposure, and its shot noise will contribute to the 
signal/noise ratio. In LSST, the dark current requirement is not demanding because of the short (15 
second) exposure time. The noise budget is set by sky noise, which will be greater than 6.5 e- rms in all 
bands. Therefore, for dark current shot noise to be negligible the dark current rate should be less than 2 
e-/s/pixel or about 0.3pA/cm2, a rate readily achievable in high resistivity silicon diodes with moderate 
cooling.  

Every sensor will have a wide variation of dark current, and bright defects with emission rates greater 
than 6000 e-/pix/s (1nA/cm2) will saturate in a 15s exposure, causing blooming. The region affected by 
this bloomed charge will be unusable for science, causing a loss of effective fill factor. LSST requires that 
no more than 0.025% of pixels have emission rates greater than 3000 e-/pix/s. The other common 
cosmetic defect, hot or blocked columns, is limited to no more than 20 per sensor.  

9.2.3 Electrical Requirements 

9.2.3.1 Read Noise and Readout Time 
As stated in the previous subsection, the noise budget is set by the lowest sky noise expected in normal 
imaging. This occurs in u-band with no moon, where the sky signal will be roughly 45e-/pixel per 
exposure, corresponding to a Poisson noise of 6.7e- rms. The read noise of the sensor is required to be 
5e- rms to avoid degrading the signal-to-noise ratio set by the sky. 

For CCD sensors, the camera’s mechanical shutter is closed during readout. LSST’s high throughput goals 
demand that the closed-shutter time be minimized. The allocation for the readout time is 2 s. 

9.2.3.2 Linearity 
The sensor nonlinearity is required not to exceed 3% for signal levels from 100 e- to the full well limit, 
driven by requirements on photometric accuracy. 

9.2.3.3 Crosstalk 
Electrical crosstalk can be created by capacitive coupling between amplifiers on the sensor, between 
signal wires in the interconnect, or by poor isolation from the power supply or bias circuits. LSST intends 
to perform a crosstalk correction in real time, but the required accuracy will be difficult to attain if the 
sensor crosstalk is high. Therefore, a limit of 10-4 has been established. Optical crosstalk other than 
multiply-reflected light is expected to be negligible. 
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9.2.3.4 Power Dissipation 
The IR heat load on the focal plane will be roughly 100W from the warm cryostat window (L3) and walls. 
The sensors will dissipate power in their on-chip amplifiers and driving the readout lines. To minimize 
the load on the cryosystem the sensor power dissipation should be limited to a value no more than the 
IR radiation.  

9.2.4 Fill Factor and Pixel Size Requirements 
Contributions to the fill factor of the focal plane include the non-imaging area of the sensor (guard rings, 
back window contact, amplifiers, busses, bond pads, etc.), gaps between sensors, and defective pixels. 
LSST has allocated 5% fill factor loss to non-imaging area of the silicon die and an additional 1.2% to gaps 
between sensors. 

The plate scale of LSST is 20 arcseconds/mm. In order to properly sample the expected mean seeing of 

0.67” FWHM, a pixel size of PlateScaleFWHM
÷

3
, or about 10μm, is appropriate. 

9.3 Optimization of the Sensor Design 

9.3.1 Silicon Thickness 
As discussed above, the silicon thickness choice is a tradeoff between quantum efficiency and point 
spread function. A detailed modeling study of thickness optimization for point sources has been made 
[Ref: P. O’Connor, V. Radeka, D. Figer et al., “Study of silicon thickness optimization for LSST “, Proc. SPIE 
6276, 6276-75 (2006), DOI: 10.1117/12.673393]. The analysis in [O’Connor et al. 2006] assumed a 
requirement of 25% QE at λ = 1000nm and considered PSF contributions from beam divergence and 
charge diffusion. In the y-band (970 – 1060nm] the detection limit was found to have a broad optimum 
for thicknesses in the range 125 – 150 μm in the absence of atmospheric seeing; when seeing of 0.7” is 
included it completely dominates the S/N ratio. For the u, g, r, I, and z bands the sensitivity is nearly 
independent of thickness, since light absorption occurs within the first 20μm of silicon. Subsequent 
models have concentrated on quantifying the relation between QE and charge diffusion, using new 
parameters for the diffusion model. The results are shown in Figure 9-6. At 100μm thickness and an 
operating temperature of 173K, the internal QE at λ = 1000nm is 27% and charge diffusion contributes a 
Gaussian PSF with a one-sigma width of 4.6μm. 
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Figure 9-6: 1000nm QE vs. Charge Diffusion PSF 

9.3.2 Charge Collection Polarity 
Historically, astronomical back-illuminated CCDs have been produced using p-type epitaxially-grown 
silicon layers, with resistivity in the range of 10-20 Ω-cm, on low-resistivity p-type substrate wafers. 
After frontside fabrication, the device is bonded to a handle wafer epi-side down, and the substrate is 
removed by selective etching, leaving the active epitaxial layer whose thickness is typically 10-20 μm. 
Thicker high-resistivity CCDs were originally produced on n-type silicon, which is more readily available 
in ultra-high resistivity and offers better radiation tolerance [Ref: S.E. Holland, D.E. Groom, N.P. Palaio  
et al. “Fully Depleted, Back-Illuminated Charge Coupled Devices Fabricated on High-resistivity Silicon”, 
IEEE Trans. Electron Devices 50, pp225-238(2003)].  More recently thicker devices have also been 
fabricated on bulk p-type material [REF: P. Jorden, K. Ball, R. Bell et al. “Commercialisation of Full 
Depletion Scientific CCDs”, Proc. SPIE 6276, 627604(2006), doi:10.1117/12.670174; P. Jorden, M. 
Downing, A. Harris, “Improving the red wavelength sensitivity of CCDs”, Proc. SPIE 7742, 77420J(2010) 
doi:10.1117/12.862435; K. Boggs, R. Bredthauer, M. Lesser, “Development of fully depleted scientific 
CCDs for astronomy”, Proc. SPIE . 6501, 650106(2007)]. As discussed elsewhere,  p-channel CCDs (those 
fabricated on n-type material) have less charge diffusion than n-channel devices of the same thickness 
and substrate bias, since the diffusion coefficient for holes is smaller than that of electrons while their 
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saturated drift velocities are similar. Drawbacks of p-channel CCDs include higher persistent image 
requiring an erase cycle between exposures, and poorer noise performance of the on-chip source 
follower amplifier. It has also been noted that p-channel CCDs exhibit higher dark current and more 
bright defects than n-channel devices, so they often require operation at lower temperature; however 
these characteristics may be technological rather than fundamental and their effects may be reduced 
with improving material and process quality. 

9.3.3 Segmentation 
Survey speed is decreased by the time taken to read out the focal plane after each exposure, but 
increasing the pixel rate degrades read noise. To meet the goal of 2s readout time for the full focal plane 
while keeping the read noise below 5 electrons rms, the sensor is divided into segments read out in 
parallel. In the tradeoff analysis the detector size is assumed to be 4K X 4K, the readout time is 
constrained to be 2s, and we estimate the noise performance of the detector based on a simple noise 
model of the source follower transistor, per Figure 9-7(a). The choice of 16 segments (1Mpix per 
segment) and 550 kpix/s provides the necessary performance. The arrangement of the segments can be 
chosen to provide a large contiguous imaging area, as shown in the CCD conceptual layout in Figure 9-
7(b). 

 

Figure 9-7: (a) Estimated read noise for a 4K x 4K sensor constrained to 2s readout time. Increasing the 
segmentation allows the clock rate, and hence the read noise, to be reduced. Noise estimates are based on 
CCD output transistor properties with three values of sense node capacitance. (b) Proposed layout of a 16-
fold segmented, 4K x 4K CCD for fast, low-noise readout. 

9.3.4 Packaging 
LSST's fast optics, large mosaic focal plane, and highly parallel readout electronics lead to the need for a 
highly specialized CCD package:  

* The shallow depth of focus demands strict control of the imaging surface z-height 
* 4-side buttable packages are required with small chip-to-chip gaps to minimize dead area 
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* Electrical interconnect for 16 video outputs, plus clock and bias connections must be accommodated 
without introducing crosstalk or otherwise compromising signal integrity 

* Good thermal contact to the raft baseplate is necessary 

The science sensor package is therefore a critical component and its design will significantly contribute 
to the CCD performance in this application. 

9.3.4.1 Mechanical Design 
For a fully depleted CCD the non-imaging periphery has to include space for the amplifiers, electrical bus 
lines, bond pads, and field-terminating structures (guard rings). Experience with silicon detectors for 
particle tracking indicates that the guard ring area should be about 2.5 times the chip thickness to keep 
lateral fields in the substrate negligibly small. We adopted a raft geometry with a pitch of 42.25mm 
between CCDs in x and y. We assume that the package physical dimension will be no greater than 42mm 
x 42mm, leaving gaps of .25mm between packages on the raft. This gap spacing is feasible if the package 
x-y-theta position is constrained by a pair of alignment pins and corresponding holes in the raft 
baseplate.  

In most mosaic focal planes, sensors have at least one edge which cannot be closely butted to an 
adjacent device because the package requires extra space for wirebond connections to the sensor die; 
hence a new type of packaging is required for LSST. In Figure 9-8(a), the backthinned CCD is shown 
attached to a ceramic support with the edges of the chip cantilevered beyond the edge of the support to 
expose the bond pads on the front side (Ref: LBNL). Wirebonds connect these pads to traces on the 
ceramic support. In Figure 9-8(b), the CCD is bump-bonded to the ceramic support (Ref: Lesser SPIE). 
Both styles allow a high fill factor to be attained, since the connections to the CCD bond pads are made 
without consuming any area outside the chip periphery. 
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Figure 9-8: Buttable Package Construction 

The gap between the outermost imaging pixels on adjacent chips is then equal to the package-to-
package gap (0.25mm nominally) plus the width of the non-imaging region of the CCD (minimum of 
0.25mm). Practical chip designs will require wider non-imaging peripheries on at least two edges to 
accommodate the amplifiers and serial registers. The gap between the outermost imaging pixels on 
adjacent chips will then be in the range of 0.75 - 1.8mm, equivalent to 15 - 37 arcsec.  

Imaging surface flatness of 5-10 μm peak-to-valley has been achieved by several groups using chip 
flatteners which hold the imaging surface against a highly polished vacuum chuck during epoxy cure 
(Ref: Lesser, FNAL). In LSST the imaging surfaces of all chips in the mosaic must be coplanar, so the 
packages must have tight parallelism and absolute height tolerances to the mounting surface, and this 
alignment must be preserved upon cooldown. Precision machining, athermal construction, and three-
point mounting with built-in adjustability are mandatory for the LSST sensor packages.  

9.3.4.2 Thermal design  
The heat path for thermal IR from the cryostat window and power dissipated by the clocks and on-chip 
source followers is through the package frame and mounting points to the raft baseplate, which in turn 
is cooled through copper straps to the Cryoplate. A total of about 0.8W must be removed through this 
thermal path, and a thermal impedance of less than 5C/W is required.  
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9.3.4.3 Electrical interface design 
In the four-side butting arrangement of the LSST focal plane the electrical connections must exit the 
sensors without extending past the 42 x 42mm boundary of the imaging surfaces. Each CCD will have a 
signal interface consisting of a complement of 70 to 100 wires on flexible printed circuit cables to the 
front end electronics. Many of these signals (amplifier outputs and drain bias) are highly susceptible to 
crosstalk, electromagnetic interference, and capacitive loading so the wiring interface must include 
short traces wherever possible to minimize capacitance; tightly-coupled return paths for signal currents; 
independently-buffered, low-impedance drive for the output drain and output gate (the signals most 
likely to induce crosstalk between segments); isolation between segment video outputs and between 
video and clock signals. 

9.4 Sensor Development and Risk Mitigation 
The performance demanded of the LSST science sensors has required a multi-year development 
program consisting of modeling and trade studies followed by prototype fabrication and testing. Details 
of the modeling effort have been reported in a number of publications [Ref 8.5a-e] and led to the sensor 
reference design described in the previous section.  

9.4.1 Phase 1: Technology Demonstration 
Recognizing the long lead time for semiconductor device development, the LSST project provided early 
funding for technology demonstration and prototyping. Phase 1 began in 2006 with the award of 
contracts to three vendors with the goal of addressing the most pressing technical challenges early. In 
this phase, both CCD and hybrid pin-CMOS devices were under consideration. The key objective of 
Phase 1 was fabrication of imaging structures on 100um-thick, fully-depleted silicon with a transparent 
conductive entrance window; vendors were given the option of selecting an appropriate format and 
packaging scheme for their demonstration devices. By 2008 all three vendors had completed 
demonstration devices which were evaluated in LSST labs. The characteristics and performance of the 
Phase 1 devices have been reported in detail in 2008 [Ref 9.4f-j] and are summarized in Table 9-3. 

Table 9-3: Results of Phase 1 prototypes. Dark current and full well results normalized to (10μm)2 pixel area. Dark current 
measured at 180K. Read noise measured at 150kpix/s. 

Vendor Device
Technology

Format Pixel 
Size (μm)

Outputs
Dark

Current
(e-/pix/sec)

Full
Well

(1000 e-)

Read
Noise

(e- rms)
e2v CCD 2K x 4.5K 13.5 2 0.02 99 22
ITL/STA/DALSA CCD 4k X 4k 10 16 <.03 90 15 - 25
Teledyne Imaging Sensors Hybrid pin-CMOS 4k X 4k 10 32 6 55 13
 

Note that all the prototypes were fabricated on 100 µm thick bulk, high resistivity silicon and were able 
to achieve full depletion as indicated by the small extent of charge diffusion from x-ray conversions. All 
devices showed high sensitivity at near-IR wavelengths generally following the theoretical behavior for 
pure silicon. In the visible there were differences in quantum efficiency due to the use of different 
antireflection coatings on the prototypes.  None of the devices were offered in buttable, high fill-factor 
packages in this Phase. 
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Devices produced in Phase 1 were evaluated at LSST labs at BNL, Stanford, and Harvard-CfA. In addition, 
three on-sky tests were done on 1.2 – 2.4m telescopes at Kitt Peak. These telescope tests were aimed at 
exercising the new devices in realistic observatory conditions and comparing their imaging performance 
to existing instruments. Preliminary results from the prototypes show that standard instrument 
signature removal and data reduction techniques can be used. Laboratory images using x-rays and 
visible light are shown in Figure 9-9. 

 

Figure 9-9: X-ray and visible light images from Phase 1 CCDs. 

The hybrid pin-CMOS device from Teledyne was fully functional and was found to be suitable for a 
number of astronomical investigations, primarily telescope guiding. However, it suffered from a 
performance anomalies to a greater degree than the new CCDs [Ref 9.4f-g].  These included image 
persistence, interpixel capacitance and interpixel charge transfer, high dark current, high number of 
nonfunctional pixels, and high read noise. Nonlinearity was also exhibited with a complex behavior 
depending on operating conditions. Although subsequent developments at Teledyne have resolved 
several of these issues, we judged that the benefits of hybrid pin-CMOS technology did not outweigh the 
performance limitations at the current state of technological maturity.  

9.4.2 Phase 2: Full Prototypes 
In February 2008 the LSST Corporation issued a Request for Proposals for CCD prototypes meeting the 
full set of optical, electrical, and mechanical specifications. The required deliverables included design 
reports, package mechanical samples, fully operable prototypes, and a manufacturability demonstration 
calling for operational devices from at least 2 lots of wafers to be manufactured with acceptable yield. 
Due to funding constraints only two contracts with descoped deliverables were initially awarded. 
Follow-on funding allowed us to restore scope to both vendors. Table 9-4shows the deliverables and 
award history for the Phase 2 contracts. 

x-rays: partially depleted
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Table 9-4: Phase 2 Sensor Prototype Contracts 

 

As of this writing both vendors have completed the Phase 2a deliverables. The packages offered by the 
two vendors differ in design and material choice but are each compatible with the raft mounting and 
alignment hole pattern of the raft. Illustrations of the packages are shown in Figure 9-10. 

 

Figure 9-10: Phase 2a mechanical sample CCDs. Left: ITL/STA/DALSA. Right: e2v. 

We have performed warm metrology on these devices both individually and mounted on a silicon 
carbide raft prototype. Flatness and package height results from these prototypes are shown in Figure 9-
11 and Figure 9-12. Cold metrology tests are in progress.  

 

Phase 2: Prototype Contract Deliverables 
• Phase 2a: package mechanical samples 
• Phase 2b: operable full-spec prototypes satisfying all performance 

requirements 
• Phase 2c: manufacturability (demonstrate process yield and reproducibility) 

Phase 2: Contract awards 
• e2v:  

• Phase 2a, 2b, and 2c awarded in 2008 
• Extended manufacturability/yield demonstration awarded in 2010 
• Enhanced AR coating development awarded in 2011 

• ITL/STA/DALSA  
• Phase 2a awarded in 2008 
• Phase 2b,2c award in 2010 
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Figure 9-11: Room-temperature flatness of individual Phase 2a sensors. Top: e2v, measured at BNL. Bottom: 
ITL/STA/DALSA, measured at ITL 

 

Figure 9-12: z-height metrology on six mechanical sample sensors delivered in Phase2a. The current goal is 
that the entire imaging surface of each sensor should lie between two planes at 13.000 ±0.005mm above the 
raft mounting surface. 

5um
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After fabricating the first Phase 2b samples in late 2010, e2v discovered a design problem in the serial 
register just before the beginning of the prescan pixels. In this region the charge transfer path makes a 
90 degree bend.  Although the layout of this register bend has been successfully used in prior products, 
when combined with the longer-range fields in high resistivity silicon the result is incomplete transfer of 
charge across this region. An illustration of the problem is seen in Figure 9-13, where the x-ray clusters 
from 55Fe exhibit trailing in the serial transfer direction. 

 

Figure 9-13: Deferred serial charge transfer in e2v CCD250 device. Left: x-ray image from segment 7 with 
adjacent neighbor register. Right: segment 8 (no neighbor) after optimization. 

With modified bias and clocking, the problem can be minimized in the two segments (segments 8 and 
16) which do not adjoin a neighbor register. In these segments, it has been possible to measure optical 
and electrical performance and the results are shown in Table 9-5.  

Table 9-5: Performance of e2v Phase 2b prototype (after optimizing for charge transfer). Read noise is measured at 550 
kpixels/sec. 

 

NOTE: fix table. 3D device simulation at e2v confirms the proposed model for incomplete charge 
transfer. A modified mask layout and process sequence has been designed, and two lots of wafers with 
these process modifications have started fabrication with an expected completion in October 2011. In 
late 2011, frontside probe tests should provide evidence of whether the charge transfer problem has 
been eliminated with the corrected mask design. 

Format Pixel size Outputs Dark CurrentFull well Read noise Responsivity
4Kx4K 10 16 <<.1 155 4.7 6.1

um e-/pix/s ke- e- rms uV/e-
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The ITL/STA/DALSA contract was augmented in November 2010 to restore the Phase 2b and 2c scope. A 
new 4k x 4k chip and package design have been completed. Wafers started processing at DALSA in 
March 2011 and packaged devices will be delivered in late 2011. 

9.4.3 Summary of prototype sensor development: 
A sustained program of prototype development lasting 4.5 years has brought sensors meeting all LSST 
performance goals in sight. 16-output, 4Kx4K devices have already been produced which meet the key 
requirements of dark current, quantum efficiency, read noise, point spread function, and flatness. Two 
vendors are now in the final stage of fabricating the last series of prototypes, and both are expected to 
successfully demonstrate full-spec devices.  

9.4.4 Production 
 At the completion of the Phase 2 prototype program, we will initiate an evaluated competitive 
procurement for “first article” CCDs. Any qualified vendor will be allowed to bid, and DOE laboratory 
procurement rules will be followed. Pending agency approval, contracts will be awarded to one or more 
vendors with options to proceed to full production. The supplier performance during the first article 
phase will be used to determine the full production award. 

In the production phase we expect sensors to be delivered in batches of 8 – 10 devices with a rate that 
will ramp up to 50 – 70 devices/year. Incoming sensors will be tested at BNL and LPHNE laboratories 
before being assembled into raft tower modules. The assembled and tested raft tower modules will be 
shipped to the camera integration and test facility at SLAC.  

9.4.5 Risk mitigation 
We have attempted to mitigate the most serious sensor-related risks that could threaten either the 
science performance of the camera or the schedule and budget of the construction project. Most 
importantly, we have sought to fund multiple vendors with manufacturing experience during the 
prototype development phases. Having more than one qualified supplier will permit flexibility in case of 
performance issues. By requiring each vendor to not only meet identical performance specifications but 
also compatible mechanical mounting features, we preserve the ability to change suppliers late in the 
development process. The prototype development program has been carefully phased to allow 
technological expertise to be gained incrementally. The sensor specifications have been stable except 
for minor changes in the QE profile for 4+ years, and explicit descriptions of the special requirements of 
LSST have been provided through documents and reviews to minimize misunderstanding. 

The performance issues of greatest concern are read noise and package z-height control. Since read 
noise is only significant in u-band observation, a shortfall in sensor read noise performance could be 
made up by operating at lower readout speed during u-band observation. For example, increasing the 
readout time to 4sec would decrease white read noise by 30% while imposing only a 4% efficiency loss 
in one of six bands; the overall survey efficiency loss would be less than 1%  

For mitigating problems with package z-height control, an engineering mitigation has been developed. 
The sensor packages have 3 mounting points and the vendor is responsible to manufacture and/or 
adjust the package so that the imaging surface will be within a 10um tolerance window above the raft 
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baseplate. In case this requirement cannot be met or results in excessive yield loss, we have designed 
miniature differential screw adjustors that can thread into the mounting points on the CCD package. 
These provide an effective pitch of 50um/turn and have been shown to be effective for alignment and 
stable on cooldown. 
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10 Guide and Wavefront Sensors 

10.1 Introduction 
As discussed in Chapter 3, the Camera provides sensor data to a Telescope guide loop used to fine tune 
Telescope pointing. This guide loop uses changes in detected star position to estimate and correct 
pointing deviations. The Telescope team supplies the detailed requirements to the Camera. In addition, 
the Camera provides wavefront sensor data to the Telescope. Again, the Telescope team supplies the 
detailed sensor requirements. 

The Camera Project has chosen a baseline design in which CCDs provide guide and wavefront sensor 
data; these CCDs and their readout infrastructure are mounted on Corner Rafts located in the periphery 
of the focal plane. This chapter covers those CCD readout characteristics relevant to guide and 
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wavefront data collection; since the guide sensors are identical to and the wavefront sensors are closely 
modeled on the science data sensors, readers are encouraged to consult detailed information on the 
science sensors in Chapter 9 for additional information. Chapter 12 provides a thorough discussion of 
the Corner Raft mechanical and electronic architecture. 

10.2 Guide Sensing 

10.2.1 Guider Requirements and Interfaces 
The LSST Telescope has critical requirements on tracking error to meet image quality specifications, and 
will require closing a guiding loop between the Camera and a Telescope servo control. The Camera 
Guider subsystem consists of eight guiding sensors located inside the science focal plane at the edge of 
the 3.5deg field of view. All eight sensors will be read simultaneously at a high rate, and a centroid 
average will be fed to the telescope and rotator servo controls, for tracking error correction. 

The critical parameters needed by the Telescope Subsystem are centroid noise, centroid frame rate, and 
transport delays. The centroid noise needed by the telescope for effective guiding constrains the read 
noise of the Guide sensor as well as the integration time. This in turn, combined with required frame 
rate, constrains the readout time.  

Observatory seeing conditions combined with the expected uncertainty in the telescope rotators define 
the size of the guide window needed around a track star candidate and is expected to be of the order of 
325umx325um and no larger than 850umx850 during commissioning. After finding the track star, a 
refined guide window can be used, centered on the star and based on seeing alone, expected to be no 
larger than 77umx77um  

10.2.2 Guide Sensor Design 
The Guider subsystem will use exactly the same CCD sensor and package used on the science sensor 
array. This allows Guider sensor development to leverage significantly from the science sensor 
development program. However, windowing and readout requirements differ signficantly between 
guiding readout and science data readout, giving the Guider subsystem a distinct readout sequence and 
cadence. In addition, windowing requirements make image smear an important consideration for guide 
sensing. 

10.2.2.1 Guide Sensor Readout Sequence 
A detailed discussion of the guide sensor readout electronics package is provided in Corner Raft design 
description in Chapter 12. 

Operationally, windowed readout of a full-frame CCD consists of four steps: integration; shifting the 
charge in the guide window to the output amplifier; reading the selected pixels; and clearing parasitic 
charge from the ROI before beginning the next integration. The cycle must be repeated at a 9 Hz rate to 
meet the guiding requirement for LSST. 

As described in Chapter 6, the Camera CCD sensor is a full-frame 4K × 4K device with 10µm pixels 
(0.2”/pixel) organized as 16 independent 2K × 0.5K segments, each with individual readout. The parallel 
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(vertical) and serial (horizontal) clocks are common to all segments. The parallel clock readout rate is 
limited by RC time constants on the polysilicon parallel clock lines; the manufacturer estimates that the 

minimum parallel transfer time to be 16 µsec [Burt 2009]. In normal operation the serial clock rate is 
limited by the allowable readout noise. The manufacturer gives the relation between pixel read rate and 
noise as: 

)1(
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where RON is the read noise in rms electrons, Cn is the sense node capacitance in femtoFarads (assumed 
to be 16fF for our device),  f =1/tss is the readout frequency, and f0 is a flicker noise corner frequency 
(150kHz for this technology) [Burt 2009]. The science sensors are read out at about 540kpix/s giving an 
RON of less than 5e-. The serial register can be clocked more rapidly when low-noise readout is not 
necessary, as when clearing charge. Based on CCDs with similar characteristics [e2v CCD231-84 
Datasheet], we estimate a fast serial clock rate of tsf = 400ns per pixel. 

The time to read out an ROI window can be precisely estimated, as described below in Section 10.4.1. 
The overall readout time necessary to retrieve the guide window size needed by the telescope is 
between 1.24ms to 35 ms based on the location of the window. This is consistent with the integration 
time specified for this device derived from the centroid noise after processing. 

10.2.2.2 Image Smear 
An important source of centroid error in CCDs is image smear during charge shift and readout; that is, 
while the window is shifted to the readout amplifier and read out with open shutter. 

The guide window “box” will accumulate additional photoelectrons due to photons (from sky, sources, 
or stray/scattered light) or cosmic rays that are incident on pixels along the path taken by the guide 
window charge during its transport to the readout register. Those pixels are a small fraction (never more 
than 0.2%) of the sensor area and so the probability of them intercepting another bright source is low; in 
general the location of bright sources will be known in advance and the guide star can be chosen to 
avoid these interfering sources. Flux from sources dimmer than the guide star could contaminate the 
centroid. However, smeared charge from such sources is only integrated during the time the ROI 
window is shifted across their PSF. For any given pixel in the ROI, the time spent shifting across an 

interfering source to the integration time is tpar/Tint = 16µs/75ms = 2.1×10-4. Hence, the amount of 
smeared, structured charge that could interfere with the centroid estimate will be negligible. Sky 
background flux is low (less than 200 e-/s/pixel) and unstructured; it will add a constant signal to all 
pixels in the window which will not contribute to centroid error. 

The most significant source of smear is the guide star itself. As pixels are shifted through the guide 
window they will accumulate flux from the guide star, but the flux will be mis-registered. Consider the 
simplified diagram shown below, which depicts a 5 × 5 pixel ROI centered on a guide star at CCD row 3.  
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Figure 10-1: Simplified illustration of ROI with guide star centered at CCD row 3. 

The vertical shift direction is indicated by the blue arrow. Yellow labels A-E denote charge packets that 
will be read out. Figure 10-2 below illustrates the readout sequence. Before integration the situation is 
as shown in Figure 10-2(a). The last four cycles of the clear phase are shown in Figure 10-2(b-e), during 
which the charge packets A-E are exposed to flux from the guide star (we assume that all sources of flux 
other than the guide star are insignificant.) 

 

Figure 10-2: Charge packets A--E are shifted into and out of the ROI region. The smeared charge from the 
CLEAR and SHIFT phases adds to a constant offset which does not affect the centroid. 

The obvious symmetry of the readout sequence through the ROI argues that the smeared charges from 
the clear and shift phases cancel out, leaving only a constant term in each pixel which will not contribute 
to centroid error. This intuition is borne out by the analysis presented in Section 10.4.2 below 
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10.2.3 Alternative Analysis 

10.2.3.1 Use of CMOS 
The guide sensor technology selected for LSST was subjected to an extensive trade-study between 
performances and cost. The two competing technologies were CMOS (HyViSy/H2RG) and CCDs (LSST 
science sensor design). Even with shorter integration time by a factor of 0.66, the CCD technology shows 
an increased sensitivity factor of 14.2% at both ends of the spectrum, allowing more stars to be guide 
stars. This is due to a better Quantum Efficiency at both ends of the spectrum. The CCD, being limited by 
readout time, provides a lower servo loop error rejection bandwidth of 7.3%, while maintaining a 
slightly lower noise gain of 3.4%. 

The trade-study demonstrated that both technologies meet the guide sensing requirements. However, 
the CCD option is a significantly lower cost at only 25% of the total cost estimated for the CMOS 
solution. The guide sensors baseline design has therefore been selected to be the LSST Science sensor 
CCDs. 

10.3 Wavefront Sensing 

10.3.1 Wavefront Sensing Requirements 
The LSST Telescope experiences aberrations on its three mirrors due to changing gravitational forces and 
thermal drifts. Those changes are corrected by actively controlling the surface shape of each mirror with 
actuators. The active optics system does not correct for the rapidly changing atmospheric turbulences as 
would an adaptive optics system operating at higher temporal frequencies. The LSST wavefront sensor 
integration time is 15 second (same as the science sensor array), which is much longer than the amount 
of time the atmosphere is stationary and therefore is not propitious to a fast adaptive system and 
therefore has driven the decision for the current active design. Because three different mirrors have to 
be controlled, different field angles must be used to tomographically reconstruct the wavefront data. It 
has been shown that four wavefront sensor collecting data on reference stars in a square geometry is 
conceptually sufficient to perform the tomographic reconstruction by assuming a circular Zernike 
expansion of the aberrations at each of the mirror surfaces. This combined with the expected ability of 
finding a suitable star for each sensor has driven the wavefront sensor to be located at 4 field angle 
collection point (at the corner raft location) and cover the equivalent of two science sensor area at each 
location. Because of the fast f number of the overall LSST optical system, the wavefront sensors have to 
be co-located with the science sensor in the focal plane, below the shutter and filters. 

Curvature wavefront sensors have been chosen as the baseline method for LSST based on their 
simplicity and large effective field of view. Additionally the desire for using similar infrastructure as the 
science sensors for packaging, data readout, processing and transport has also supported this choice 
since it is easily implemented using CCDs. A curvature wavefront sensor determines the spatial intensity 
of a star at two positions on either side of focus. The difference of intensity between the intra and extra 
focal image of the stars allows to estimate the second derivative (or curvature) of the local wavefront. 
Traditionally, curvature wavefront sensors image the same star on either side of focus by pistoning the 
sensor. In LSST, a split detector was chosen as the baseline deisgn, one half at an intra focus location and 



LSST Camera Conceptual Design Report 

233 
 

one half at an extra focus location, imaging different stars at two nearby field locations. The value of the 
defocus distance is a major parameter that needs to be carefully chosen and is really a fine balance 
between too much blur from atmosphere for small offsets and not enough signal to noise for large 
offsets. While not extremely sensitive to the absolute defocus, the design need to have a good 
knowledge of the actual location of the two half sensors as well as a local uniformity driven by the size 
of the defocused stars on the sensor. Those two requirements, besides driving metrology calibration 
requirements, define the flatness of the sensor as well as the acceptable geometry tolerancing of the 
split sensors. The signal to noise ratio needed and related to the offset chosen between the intra and 
extra focal half sensors is also a driver for the selected sensor and was chosen to match the science 
sensor performances. 

10.3.2 Wavefront Sensor Design 
LSST requires four wavefront sensors located in the Corner Rafts at the periphery of the focal plane (see 
below).  

 

Figure 10-3: Organization of the Camera focal plane, showing wavefront sensor locations 

A depiction of the wavefront sensor concept is shown in Figure 10-4 below. Two 2K x 4K segmented 
CCDs will be packaged with an offset relative to the Science focal plane to produce intra and extra focal 
images. An offset of roughly +/- 1mm from the Science focal plane is anticipated. Wavefront sensor 
CCDs will share the layout and processing of the Science sensors, and have similar performance as 
Science CCDs regarding quantum efficiency, point spread function, read noise, and readout speed.  
Detailed mechanical specifications such as fill factor, flatness, parallelism of the intra and extra focal 
sections, and temperature sensing will be determined by results of the validation of this wavefront 
sensing scheme by laboratory measurements. 
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The primary LSST science sensors are high-rho sensors of 4096X4096 format, with two registers and 
eight outputs at top and bottom. The wavefront sensor will be a pair of devices of 4096X2048 format, 
co-mounted with a 2 mm step height difference.  Each half-size device is equipped with eight outputs 
from one register. 

The existing science sensor package will be used, with the same mounting points and mounting 
footprint.  The support block and ceramic will be unchanged.  One of the devices will be raised up by 
using an additional 2 mm thick AlN spacer block (between the silicon and the AlN ceramic). The die size 
for a half device is expected to be 41.9 X 21.6 mm. There is a gap between the last image row and the 
edge of the package of about 0.6 mm. This means that at least 600 µm of the central gap is not available 
for imaging, which is acceptable with the requirements. In addition the flex cables are slightly different 
from the science sensor cables to accommodate the increased length and reversal of one of them. 

 

Figure 10-4: Wavefront sensor system split detector 

Accurate wavefront sensing is critical for LSST to reach its science goals. Simulations performed at LLNL 
predict the method will work, but no test data exists. To develop confidence for the LSST wavefront 
sensing method, an optical wavefront testbed has been built (depicted in Figure 10-5). It has a capability 
of producing aberrated images that can be used to develop wavefront reconstruction algorithms or to 
improve existing ones. Low order aberrations such as astigmatism and coma are introduced into a 
collimated beam by means of different lens configurations. A special focusing lens (f/1.23) provides an 
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LSST-like fast beam. A CCD camera with pixel size (9 μm) similar to the LSST Science sensors (10 μm) 
records the images. Moving the camera in and out of focus provides defocused images. 

 

Figure 10-5: Optical wavefront testbed at Purdue University 

Images taken with the testbed, by displacing the camera ± 1mm out of focus, are shown in Figure 10-6 
below. To simulate the LSST central obscuration a mask is used to block the central beam. Centrally 
obscured images are also shown in Figure 10-6 as donuts. Recording images from the camera on each 
side of focus enables reconstruction of wavefront aberrations. 
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Figure 10-6: Images acquired with the optical wavefront testbed. Images are with (below) and without a 
central obscuration (above). 

10.3.3 Alternative Analysis 
The baseline parameters of the LSST wavefront sensor system have been in place for some time.  As 
described above, this baseline implementation includes curvature wavefront sensors (CWFS) with a ±1.0 
mm defocus in a split science sensor, with a single such sensor in each of the four corners rafts. Each 
CWFS occupies part of the field annulus delimited by 1.5 and 1.8 degrees off-axis.  Such WFS 
implementation in the corner rafts provides modularity for the focal plane assembly:  the science rafts 
are identical and the corner rafts are identical – changeouts can be performed, if necessary, with spares 
drawn from these two groups. 

Alternate implementations exist that can provide the same, or comparable functionality for the 
wavefront sensor requirements. This section briefly outlines these options and lists the arguments for 
and against each. 

10.3.3.1 Shack-Hartmann Wavefront Sensors 
The most widespread implementation for wavefront sensing, a Shack-Hartman (SHWFS) measures the 
wavefront gradient in each cell of a spatial grid that represents the pupil.  This is achieved by using 
collimating optics to illuminate a lenslet array, which in turn refocuses light of the lenslet's sub-aperture 
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onto a common sensor.  The SHWFS signal is then contained in the two position coordinates of each 
sub-aperture's image.  

A SHWFS design, optimized for the wider field of view due to the increase in lens size was performed by 
the optics group at LLNL. The collimator optics for this SHWFS is shown in Figure 10-7. A fixed science 
sensor, located roughly 4mm behind the lenslet array, would read out the SHWFS signals fed by each 
lenslet. 

 

Figure 10-7: A schematic for the collimating optics of a SHWFS in LSST’s focal plane. 

There are several arguments in favor of a SHWFS implementation. A single star producing enough 
statistics to yield image centroids behind each lenslet provides constraints to the system’s wavefront 
function. The SHWFS is insensitive to some effects that typically may limit the usefulness of the CWFS: 
field crowding, pupil overlaps, spider shadows, difficulty in registering intra- and extra-focal images from 
different field positions. A SHWFS (or multiple SHWFS) could be implemented with standard science 
sensors (as opposed to the baseline split science sensor), which would reduce cost and possibly 
programmatic schedule. 

10.3.3.2 Layout options 
Layout of the CWFS system in the focal plane involves a choice between placing instruments at the 
periphery and placing them closer to the center, among the central 9 Science Rafts. On the periphery, 
vignetting and other imaging artifacts become more pronounced. Near the center, instruments are 
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necessarily spaced closer together, complicating the process of wavefront reconstruction; 
reconstruction is analogous to normal vision, in which wider spacing and increased parallax provide 
improved depth of field and perspective. 

In the current baseline implementation, the CWFS split science sensors are located at the periphery of 
the focal plane, where field dependence of the optical system varies substantially. The geometric 
throughput varies from 5% vignetted on the near corner and rises to 14% on the other corner. In 
addition, this placement introduces vignetting (i.e., pupil overlaps), spider shadows and registration 
difficulties, each of which contribute in varying degrees to an instrument error signature in the 
wavefront signal, albeit a signature that can be precisely characterized. Studies are underway to confirm 
that built-in signatures can be subtracted off from measurements in either the wavefront signal or the 
wavefront estimate representation. Preliminary indications suggest that the built-in signatures only 
become important when the alignment of the optical system approaches operational tolerances. 

 

Figure 10-8: Construction of the “null” (design only) wavefront signal for the baseline CWFS 
implementation. From left to right, the extrafocal image, the intrafocal image, the inverted intrafocal image, 
and the wavefront signal (constructed analogously to the algorithm described by Rodigas et al. [2007]). Subtle 
differences in the projected aperture shapes and the orientation of the axis of symmetry is caused by 
differences in the field positions corresponding to the extra- and intra-focal sensors.  

While placement among central 9 Rafts could ultimately improve the quality of the delivered data and 
would reduce built-in error signatures, it would not eliminate such signatures. Central placement could 
limit baseline separation to a value that is insufficient for tomographic wavefront correction. Central 
placement would certainly reduce the system etendue, resulting in less science data taken each night. 
Finally, central placement would reduce the modularity of the focal plane: no longer will there be only 
two models for the sensor Rafts (Science and Corner), but at least three (e.g., Science, Science w/CWFS, 
and Corner).  

10.3.3.3 Stepped vs. Optical Relay vs. Tilted vs. Single-Sided CWFS 
Alternate CWFS configurations were studied for implementation in the current corner raft CWFS 
location (Rasmussen 2010). Only implementations that require full format (rather than split) science 
sensors were examined and compared to the baseline performance. Three alternates were considered. 
These include the tilted sensor (providing images over a range of defocus distances, where defocus 
distance is simply related to position); an optical relay covering half of a full science sensor that is fixed 
at the extrafocal position; and, a single sided CWFS providing only extra-focal (and no intra-focal) 
images. The single sided alternative provides images with the same resolution at the pupils, and the 
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data is fed into wavefront signal construction using the ideal (design predicted) extrafocal image in place 
of the inverted intra-focal image as implemented in the algorithm described by Rodigas et al. (2007). 

There are implementation benefits associated with each of these alternate CWFS implementations 
when used in the baseline location (on the Corner Raft), but the primary benefit is the potential for 
reduced cost and risk to the programmatic schedule, primarily because the standard science sensor 
would be used in place of the split science sensor. However, in the final analysis, the baseline split 
sensor design was chosen, since it is free of several important flaws present in the alternatives. The 
optical relay alternative design suffers from a reduction in the unaberrated field of view behind the 
optic, which would reduce availability of suitable stars and complicate dim star stacking efforts; its 
operation in other bands would impart non-negligible chromatic distortions to the intra-focal image; an 
astigmatic optic would be required to produce a better representation of the nominal intra-focal image, 
likely reducing the working field of view; and, a design that simultaneously provides “nominal” images 
across the field and for all bands would probably require multiple elements , adding complexity above 
the sensors in front of the focal plane assembly. In the tilted sensor alternative design, dim star stacking 
would be frustrated because fewer images would be acquired with the same defocus parameter, and 
single exposures with suitable stars arriving at equal and opposite defocus values will likely be rare. 
Finally, for the single-sided design, exposing only one flavor of defocused images can be seen as a risk, in 
the event that adequate modeling (to predict “nominal” images) proves difficult. More commissioning 
time might be needed to obtain images of the opposite flavor, in the course of developing this modeling 
capability. 

10.4 Supplemental Analysis 

10.4.1 Guide Window Readout Time 
The time to read out an ROI window can be estimated. 

Let us denote the following quantities: 

Nx = 2002   number of rows per segment 

Ny = 522   number of columns per segment (including prescan) 

6 < Npixy < 25   size of ROI window in row direction; adaptive depending on 
seeing and binning 

Npixx = Npixy   size of ROI window in column direction 

0 < Noff-y < Ny – Npixy  offset of corner of ROI from amplifier in row direction 

0 < Noff-x < Nx – Npixx  offset of corner of ROI from amplifier in column direction 

tpar = 16µs   vertical row transfer time 

tsf = 0.4µs   fast serial shift time per pixel 
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tss = 1.9µs   serial pixel rate for low noise readout 

Then the times for the components of the window readout cycle will be: 

INTEGRATE: Tint 

SHIFT:   Tshift = Noff-y × tpar + 3Nx×tsf  

READ:   Tread = Npixy × (Noff-x × tsf + Npixx × tss + tpar) 

CLEAR:  Tclear = Npixy × tpar 

During Tshift the serial and parallel clocks are operated at tsf and tpar respectively while the Reset Gate 
(RG) is held high to remove charge; readout sampling and digitizing are not operated. Because tpar < Nx × 
tsf there will be multiple rows of charge building up in portions of the serial register. The second term in 
the expression for Tshift accounts for the need to clear accumulated charge from the register after 
completing the Noff-y line transfers, before starting the ROI readout. 

During READ the Npixy lines of the ROI window are read out using the normal science sequencing, except 
that the serial register may be clocked at a fast rate (tsf) until it reaches the first column of the ROI 
window. 

Time Tclear is necessary to remove accumulated charge from the image area pixels in the ROI, because 
those pixels will be accumulating charge during the previous Tread sequence which can last several 
milliseconds.  

10.4.2 Charge Smearing During Readout of the Guide Window 
The guide window readout sequence is illustrated above. Some terms in the following analysis are 
defined in Section 10.4.1 above.  

During guide window readout, charges accumulated will be: 

QAcl = tpar×(F5 + F4 + F3 + F2) 

QBcl = tpar×(F5 + F4 + F3) 

QCcl = tpar×(F5 + F4) 

QDcl = tpar×F5 

QEcl = 0 

where Fi is the guide star flux in CCD row i, in the center column of the ROI. Figure 10-2(f) above shows 
the position of the charge packets during integration. They acquire charge 

QAint = Tint×F1 

QBint = Tint×F2 
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QCint = Tint×F3 

QDint = Tint×F4 

QEint = Tint×F5 

Figure 10-2(g-j) shows the first four cycles of the SHIFT phase. The pixels acquire charge: 

QAsh = 0 

QBsh = tpar× F1 

QCsh = tpar×(F2 + F1) 

QDsh = tpar×(F3 + F2 + F1) 

QEcl = tpar×(F4 + F3 + F2 + F1) 

The total charge that reaches the readout is then: 

QA = (Tint-tpar)×F1 + tpar×(F5 + F4 + F3 + F2+F1) 

QB = (Tint-tpar)×F2 + tpar×(F5 + F4 + F3 + F2+F1) 

QC = (Tint-tpar)×F3 + tpar×(F5 + F4 + F3 + F2+F1) 

QD = (Tint-tpar)×F4 + tpar×(F5 + F4 + F3 + F2+F1) 

QE = (Tint-tpar)×F5 + tpar×(F5 + F4 + F3 + F2+F1) 

i.e. the smeared charge from the CLEAR and SHIFT phases cancel, leaving only a constant term in each 
pixel which will not contribute to centroid error.  
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11 Science Raft Towers 

11.1 Introduction 
Unlike most astronomical imagers, LSST’s mosaic camera will be constructed from 21 identical modules, 
known as “rafts”. This choice is motivated by the large area of the focal plane (3217 cm2 unvignetted 
field) and issues of integration, test, and maintainability. The alternative option, a monolithic structure 
supporting the entire complement of sensors and electronics, leads to difficulty accessing the central 
portion of the array during construction and repair, especially with the need to locate the front end 
electronics in the shadow of the sensors. The raft module can be operated as an autonomous, fully 
functional, and testable camera. In view of the long production time for sensors, series production and 
test of the rafts streamlines and reduces risk for the project. By maintaining a set of hot spares, the 
mean time to repair the camera in the event of sensor or electronics failures can be minimized. A 
diagram of the focal plane is shown below. 

 

Figure 11-1: Focal plane organization: science sensors (blue), guide sensors (yellow), wavefront sensors 
(green), Science Raft boundaries (red) 

11.2 Requirements 
The Science Raft Towers must provide:  
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• Precise mechanical location and support for the CCD array  
• Front end electronic support functions to control and read out the CCDs 
• Thermal management of the CCDs and front end electronics 

Mechanical requirements are extremely stringent and include locating the CCD imaging surfaces to 
within a narrow flatness envelope and with gaps of 0.25 mm between adjacent CCDs. As a result of the 
fine segmentation of the CCDs, the Science Raft Tower has to implement all electronic functions of a 
144-channel CCD controller in a volume contained within the projected footprint of the Raft. Although 
low-power ASICs are used, their total power dissipation is significant and must be removed from the 
Cryostat through adequate thermal paths. Finally, the imaging surfaces of the CCDs must be protected 
from contamination by condensable materials in the electronics enclosures. 

11.3 Science Raft Tower Design Description 
The science raft tower (SRT), shown in Figure 11-2 below, is the modular building block of the camera 
focal plane and consists of three major assemblies: 

• The raft-sensor assembly (RSA) is a 3 x 3 mosaic of science CCDs in precision packages mounted 
on a silicon carbide baseplate. The RSA also includes temperature sensors, make-up heaters, and flexible 
electrical and thermal connections. 

• The front end cage (FEC) houses circuit boards with custom video processing and clock/bias 
buffering electronics and contains copper planes providing the thermal path for cooling the CCDs and 
electronics. 

• A separate raft control crate (RCC) not shown in Figure 11-2 contains electronics for video 
digitizing, clock sequencing, bias generation, temperature sensing, and interfacing to the control and 
data acquisition systems.  
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Figure 11-2: The Science Raft Tower 

A set of high-density flex cables and cooling straps connects the sensors to the front-end boards and 
thermal sinks, and another set of flex cables provides the power, control, and analog data interface 
between the FEC and the RCC. 

All components of the SRT are contained within the camera cryostat vacuum space. The RSA and FEC are 
maintained at an operating temperature of around -100ºC. This temperature is chosen as a compromise 
between sensor dark current and near IR quantum efficiency. The raft control crate operates at a 
warmer temperature, around -40ºC, to reduce the load on the cooling system and to allow the use of 
standard commercial electronics. To prevent volatile contaminants from condensing on the CCD imaging 
surfaces several precautions are taken:  The PCBs in the FEC are conformally coated; the CCDs are never 
allowed to be the coldest surfaces in the cryostat; and the FEC includes a conductance barrier to 
minimize molecular flow towards the CCDs. 

11.3.1 Raft Tower Electronics 
The function of the Science Raft Electronics is to fully support one Raft of Science Sensors. It must 
provide all biasing and gating signals, amplification and low noise analog signal processing, digitization, 
data collection, and transmission of image and metadata to the DAQ. Finally, it must provide flexible 
timing and control in a manner which is precise, predictable, and programmable under control of the 
Camera Control System. In addition, it is subject to the specifications shown in Table 11-1. 
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Table 11-1: Science Raft electronics specifications 

Specification  Value  

Read time  2 seconds  

Read noise  6 electrons  

Full well capacity  100k electrons  

Dynamic range  16 bits  

Crosstalk  10-4  

Focal plane temperature measurement absolute 
value  

+/- 1.5 ºC  

Focal plane temperature measurement stability  +/- 0.15 ºC  

Focal plane temperature resolution (lsb)  = <  0.05 ºC  

High channel count  144 channels/Raft or 3,024 channels total  

Each of the sensors in the Science Raft is 4k x 4k pixels, or 16 Megapixels total. To simultaneously meet 
the read time and read noise specifications, the sensors have been seamlessly divided into 16 segments 
of 1 Megapixel, each with its own output amplifier. This allows readout to proceed at an average rate of 
~500k pixels/second, a rate which is compatible with the noise requirement. This segmentation results 
in 144 parallel streams of image data for each raft. The raft dimensions of 127mm x 127mm results in 
extremely tight packaging requirements for the 144 parallel channels of analog signal processing, A to D 
conversion, and data collection.  

The Science Raft Electronics also has the responsibility for monitoring and reporting a variety of 
metadata such as supply voltages and currents, precision temperature measurements, and operating 
raft heaters to maintain focal plane temperature.  

11.4 Science Raft Tower Mechanical Design and Analysis 

11.4.1 Introduction 
The raft tower serves several purposes.  It is the mechanical structure that houses and protects the front 
end electronics (FEE) boards that interface with the CCDs, it serves as the heat sink path to the cryofluid 
plate, it helps to prevent VOCs liberated from the electronics from contaminating the CCD image 
surface, and it provides an initial platform on which the sub-assembly of the raft and its CCDs can be 
supported before inclusion in the camera cryostat.  The tower concept allows the design of the focal 
plane to be modular, and it is a replaceable unit within the cryostat.  There are 21 science Raft Tower 
Modules (RTMs). 
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Figure 11-3: Complete Science Raft Tower 

The tower has a smaller “footprint” than the Raft/CCD sub-assembly.  While the raft is 126.5 mm on 
each side, the tower envelope forms a rectangle 123.5 x 113.8 mm; the smaller dimension includes the 
extremities of the spring hold-downs.  The RTM’s total height is 285.2 mm from the focal plane to its 
extremities, before installation in the cryostat (final attachment of the tower to the Cryoplate increases 
this dimension by 2 mm).  Each of the 21 RTMs has a total mass of 11.35 kg. 

The materials for the RTM often must satisfy competing property requirements.  Of prime importance 
are excellent mechanical stability over a +20 to -100 ºC temperature range, high thermal conductivity, 
and low thermal expansivity.  In addition, low temperature strength and ductility, good machinability, 
low density to reduce static and dynamic mass, and availability in small production volumes are also 
desirable. 

11.4.2 Interaction between Tower and Raft/CCD 
The tower is connected electrically and thermally to the Raft/CCD sub-assembly, but it must remain 
uncoupled from it mechanically as much as possible so that mechanical distortions of the image plane 
are avoided.  Electrically, the mechanical isolation is accomplished by using polyimide film pigtails with 
copper traces between the CCDs and the FEE boards.  Pigtails are supplied affixed to the CCD as an 
integral part by the manufacturer, with a nano-connector at the other end.  Thermally, the mechanical 
decoupling is accomplished by using custom-manufactured thin flexible copper straps, obtained 
commercially. 

From the time of Raft Tower Module (RTM) build-up until installation in the cryostat is complete, the 
tower is the sole support for the Raft/CCD sub-assembly.  During this period, features on the tower walls 
engage the underside of the raft so that there exists a stable, reproducible position of the raft on the 
tower in all axes.  This is especially important during the installation of the RTM into the cryostat in 
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order to avoid collision of its CCDs with those of the previously installed RTMs, as they come in very 
close proximity. 

After RTM installation has been achieved, registration between raft and tower is very undesirable, and 
has been designed out. 

11.4.3 Screw Adjusters 
The baseline plan is to have the mounting surfaces of all delivered CCDs properly ground, shimmed, etc. 
by the vendor so as to reproduce the required flatness when mounted on a raft.  To assure that the 
Project is not delayed by vendor difficulties in meeting this requirement, differential mounting screws 
have been designed, which can be substituted for the baseline mounting method if required.  The 
screws replace the baseline mounting hardware, provide adjustment of each CCD independently, and 
are the thermal paths from CCD to raft. 

The differential screw assembly consists of three threaded parts; all parts are right-hand threads.  There 
is a screw with external threads, and a head and stud both with internal threads.  The head and the stud 
have thread pitches that are unequal but quite close in value, and the sets of external threads on the 
screw match them.  The head and stud are assembled on the screw in their center-of-range position and 
are afterward prevented from turning, so that when the screw is turned within them the head and stud 
separate (or move closer) by the difference between the two thread pitches. 

 

Figure 11-4: Screw cross-section 

Several sets of screws have been purchased for prototype work.  Three different manufacturers were 
used, and screw assemblies made from various combinations of aluminum, brass, and CeSiC were 
tested.  Refinements in the design were made to eliminate deficiencies in the strength and smoothness 
in adjustment of the assemblies, while retaining good thermal conduction and minimal thermal 
contraction.  The final design consists of a CeSiC screw inside a brass head and brass stud.  The thread 
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pitches chosen are 100 TPI and 80 TPI.  This combination yields an axial adjustment resolution of 1 μm 
per 5° of rotation. 

11.4.4 Thermal Connections 
The total power delivered to each raft is approximately 26.6 W.  This comes from two major sources: 
radiated heat from L3, and CCD heat generation from chip functions and wire bonds.  This heat is 
removed from the raft through conduction into copper heat sinks attached to the raft’s underside.  The 
heat is then transferred by conduction to the tower walls, then to the Cryoplate, and finally into the 
cryofluid. 

There are two tower heat sinks and they are rigidly mounted along their narrow faces between opposing 
tower walls.  To accommodate manufacturing tolerances and thermal contraction, each heat sink is split 
into two pieces so that independent mounting to the opposing walls is possible without over-constraint.  
The connection to the raft is made using a multi-lamination flexible copper leaf strap so that forces are 
not imposed on the raft that could distort it.  Each strap has solid ends but is comprised of 12 sheets of 
.125 mm thick copper placed face to face.  The laminated section is curved into an S shape to give 
flexibility in two of the three directions.  One end of each strap is pre-soldered to its heat sink, and the 
other end is attached to the underside of the raft using screws during tower build-up.  To provide 
reliable thermal contact conductance, mating surfaces are gold plated, and screws have belleville 
springs under their heads to accommodate thermal contraction effects. 

 

Figure 11-5: Science Raft Tower with side removed for clarity 

The components on the front-end electronics (FEE) boards generate approximately 18.8 W of power (all 
six boards) that is removed through the same tower walls as the raft heat.  The board material is an 
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FR4/copper sandwich to aid in lateral heat conduction.  The long vertical board edges are clamped 
between two strips of copper that transfer heat to the tower walls.  Due to the electronics design, the 
boards cannot be split into two pieces between the opposing tower walls, so mechanical compliance is 
obtained by using sliding clamped joints between each board and one set of its copper strips along one 
of the board edges.  The “fixed joint” edges of the six boards are alternated left and right so that 
approximately equal heat is transferred to each tower wall. 

 

Figure 11-6: Science Raft FEE board design 

11.4.5 Hold-Down Design 
The raft is designed to be supported in the cryostat on a three-ball kinematic mount.  The balls and their 
cup mounts are an integral part of the cryostat’s support grid whose lattice-like structure forms “bays” 
into which each RTM is installed.  V-grooves in the three raft mounts engage these balls.  A total spring 
load equivalent to 6G is imposed on the raft to assure unchanging contact pressure in all camera 
attitudes and slewing motions, this load being applied directly over the center of each ball to eliminate 
bending forces within the raft.  The mechanical components designed to apply this load are called the 
“raft hold-downs”.  There are two hold-downs per RTM, positioned on opposite sides of the tower. 

While there must be the inherent electrical and thermal connections from the Raft/CCD sub-assembly to 
the tower, it is advantageous to mechanically uncouple the raft from the tower in order to eliminate as 
many sources of image plane distortion as possible.  For this reason the forces of the hold-down springs 
are not allowed to remain reacted by the tower (as they are during RTM build-up), but are instead 
transferred to the support grid after the RTM is installed on the cryogenically-cooled Cryoplate.  Once 
decoupled, the tower position is independent of the raft position.  Furthermore, neither static deflection 
of the grid due to weight, nor thermal motion during transient cool-down, can have any effect on the 
position or shape of the raft on the kinematic mount after this decoupling is accomplished. 
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To transfer the spring load from tower to grid, each hold-down employs a rotating cam.  There is very 
limited access to the area inside each grid bay and total inaccessibility from the image plane side of the 
RTM, so the cam is actuated through cut-outs provided in the Cryoplate.  Rotating each cam 180° in 
either direction, via its actuator rod, completes the load transfer from tower wall to grid bay wall.  

 

Figure 11-7: Hold-downs, both in one figure 

The maximum stress in either hold-down is on the backside of the arm.  The highest localized von Mises 
stress in this location is around 70 MPa (yield strength for 304 SST material used for the arm is ~240 
MPa).  The average shear stress on the pin attaching the hold down to the raft is 25 MPa). 

11.4.6 Conductance Barrier 
The purpose of the conductance barrier is to provide some measure of isolation between the area 
around the FEE boards and the image plane.  Thermal excursions of the FEE boards may cause 
outgassing to occur.  If volatiles are allowed to reach the image plane, they could condense there, 
impairing CCD function.  Though not a hermetic seal, the conductance barrier is intended to cause 
enough resistance to flow between those two areas so that molecules will eventually find their way to 
the vacuum pumps/getters instead. 

Since the RTM assembly method is not compatible with a continuous, rigid barrier (such as an aluminum 
sheet), the conductance barrier is made in three pieces that butt together to form the complete barrier.  
The assembly method also dictates that these pieces be somewhat flexible.  Consistent with these 
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requirements, the material chosen for the barrier is 0.25 mm thick Kapton sheet, sourced as pre-
creased, pre-slit, punched parts. 

11.4.7 Thermal and Mechanical Analysis 
ANSYS Workbench (v11 and v12.1) has been used extensively to determine the thermal and mechanical 
response of the RTM to the loads imposed on it.  Analysis simulations of Steady State Thermal, Static 
Structural w/o Thermal Link, and Static Structural with Thermal Link have all been run.  The model 
analyzed is a simplified version of the very complicated mechanical model, enhancing convergence and 
reducing run time.  The simplifications involve eliminating features and parts insignificant to the 
thermal, stress, and deflection responses, and combining some mated parts into new single parts where 
possible (e.g. CCD structure).  However, the simplified model itself is not all that simple, primarily due to 
the fact that the mechanical supports and thermal paths of the CDDs are not mirror symmetric about 
either transverse axis.  Therefore, the entire RTM must be modeled to obtain accurate results.  This 
work is ongoing, but results-to-date will be presented. 

The thermal path from the focal plane to the heatsinks is through the CCD sensor supports.  For this 
analysis, the differential screws have been used in this path, rather than the more straightforward 
baseline shims or direct CCD frame contact, because the screws represent the more pessimistic 
mounting solution from a thermal standpoint.  For true risk mitigation, the RTM design must be capable 
of accepting their use without compromising its thermal viability. 

To maximize heat transfer from the focal plane to the raft, a design option using additional thermal 
straps in parallel with the CCD sensor supports (either screws, shims, or frame) has been modeled and is 
being considered.  Their use would lower the focal plane temperature by about 10 ºC and enhance its 
temperature uniformity.  On the negative side, the assembly becomes more cumbersome and 
expensive, and potentially puts additional forces on the raft.  For the latter reasons, it is assumed that 
they will not be used and the results presented reflect this. 

11.4.7.1 The Model 
A section of the Cryoplate is used to provide a heatsink for the tower.  Its size is based on apportioning 
equal areas of Cryoplate for all adjacent towers.  The cryofluid passage surfaces in the plate are set to -
130 ºC, consistent with the fluid properties, and the plate is allowed to float to an equilibrium 
temperature based on the tower heat load. 

Imperfect conductivity across mating part faces is accounted for in ANSYS Workbench by manually 
entering conductance values based on the materials mated.  The values chosen have been taken from 
various published sources, and represent average-to-conservative values obtainable, which are shown in 
the following table. 

Table 11-2: Conductivity across various part faces in the Cryoplate to Science Raft Tower interface 

Contact Conductances  
Value  Applied to joints 
∞  W/m2-C soldered joints 
10,000 W/m2-C Cu to Cu1  
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Contact Conductances  
Value  Applied to joints 
2000  W/m2-C Cu to Al 
50002  W/m2-C Cu or Brass to CeSiC  
25003  W/m2-C CeSic to CeSiC 
1000 3  W/m2-C Cu to G-10 1  

1 Apiezon-N or Indium applied as interposer; 2 Based on data for Cu/Si joint, no interposer; 3 Guess-
timate 

The heat inputs to the focal plane from lens L3 plus CCD chip functions (applied to surface), and from 
CCD amplifiers (applied to sides), are indicated in Figure 11-8; the heat inputs to the FEE boards are 
shown in Figure 11-9. There are six such boards per tower.  Both sides of the boards are shown.  The 
locations of the 5 V regulators are approximate.  Based on results from earlier analyses on the complete 
RTM, the raft rib surface that interfaces to the copper heatsinks has been set to -117 ºC.  This value has 
been verified in recent analyses. 

 

Figure 11-8: Thermal model, focal plane inputs 
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Figure 11-9: Thermal model, FEE board inputs 

11.4.7.2 Steady State Thermal Analysis 
From an initial temperature of 22 ºC, the model cools to an equilibrium condition governed by the 
Cryoplate, the heat inputs, the materials chosen, and the conductances assigned.  The resulting overall 
temperature profiles of the Raft/CCD sub-assembly components are shown in Figure 11-10 below.  The 
raft surface shows an expected temperature gradient, cooler toward the middle, reflecting the cooling 
paths connected toward the center underside of the part.  Note that the asymmetric placement of the 
differential screws causes asymmetries in the temperature profiles of the raft, screws, and focal plane.  
The maximum and minimum temperatures across the focal plane surface are -108.0 ºC and -109.5 ºC, 
respectively.  This is consistent with the goal temperature not to exceed -100 ºC. 
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Figure 11-10: Raft / CCD sub-assembly temperatures 

The response of the tower and its components (FEE boards, thermal straps, tower walls) is shown in 
Figure 11-11. Note that the temperature where the straps would interface with the raft ribs shows a 3 ºC 
drop (-120 ºC vs. -117 ºC), consistent with the expectations for this joint.  The maximum temperature for 
the FEE boards at steady state is colder than any surfaces on the focal plane by at least 15 ºC, a desirable 
condition to prevent cryopumping on the Raft and focal plane. 

Differential Screws
Max T = -109.6 C
Min T =  -112.9 C
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Figure 11-11: Tower steady-state temperatures 

11.4.7.3 Static Structural Analysis (without thermal link) 
This analysis was run to determine the deflection of the focal plane due to gravity and the hold-down 
forces alone.  It gives a baseline for comparison with the deflection that includes thermal effects.  The 
gravity direction in this analysis (and in the subsequent analysis including thermal link) is applied 
perpendicular to the focal plane surface and directed away from it, simulating the camera pointing 
toward earth. 

The flatness of the raft surface is 119 nm, with the crown of the bow in the center area of the raft and 
parallel to the ribs underneath, as expected.  Each CCD is bowed individually about 640 nm, which masks 
the raft bowing to a large degree.  The larger amount of bowing in the CCDs is primarily due to the single 
unsupported corner of each CCD. 
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Figure 11-12: Gravity deflection 

11.4.7.4 Static Structural Analysis (including thermal link) 
Including the thermal link in the deflection analysis and looking at raft motion from the underside shows 
that the kinematic mounts as modeled are properly allowing raft contraction to occur along the v-
grooves.  In addition, the stress plot shows that the Von Mises stress at these grooves is very low.  Both 
of these conditions are important to verify that deflections in the raft are occurring for reasons that are 
appropriate, not by improper over-constraint.  This model presently does not include the frictional 
effects between the mounting balls and the v-grooves. 
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Figure 11-13: Kinematic mounts 

Figure 11-14 shows the deflection of the Raft surface with the thermal contraction and the mechanical 
response superimposed. The resulting flatness is well within tolerance (.013 mm requirement). The total 
height change of ~.005 mm can be accommodated in the design. 

 

Figure 11-14: Raft surface deflection, mechanical plus thermal 
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11.5 Science Raft Tower Electronics 
Each Science Raft contains a 3 x 3 array of science sensors and forms an integral unit along with its 
accompanying Science Raft electronic package. The focal plane consists of 21 such Science Raft 
electronic packages and four Corner Raft electronics packages, described in Chapter 12.  

11.5.1 System architecture 
The functionality of the Science Raft Electronics is divided into two main components; Front End 
Electronics (FEE) and Back End Electronics (BEE). The FEE contains the generally analog functions with no 
on board digital electronics while the BEE contains A to D conversion and all digital functions. The FEE 
and BEE are contained in separate crates; the Front End Cage (FEC) and the Raft Control Crate (RCC) 
respectively.  The FEC is located adjacent to the focal plane and operates at focal plane temperature, 
while the RCC operates at the lower end of the commercial electronics temperature rating, 
approximately -40 ºC. The two are connected by flexible Kapton cables to be described in a later section. 
All signaling on these cables is differential to mitigate potential EMI  and crosstalk issues. 

A significant feature of the Science Raft Electronics is that each raft can function as an autonomous 
readout and control system for each Sensor Raft. The two together, function as an autonomous 144 
Megapixel camera.  

To mitigate potential crosstalk and pickup noise issues, all twenty one Rafts in the Science focal plane 
operate fully synchronously. The requisite synchronicity is maintained by the Timing and Control 
Module, which serves as a master clock and controller for the entire focal plane. It sends a 50MHz 
timebase to all RCCs on a bus which also sends commands. A real time microcontroller, implemented in 
a Xilinx FPGA on the RCM, fans out timing and gating signals to the FEBs at an accuracy and predictability 
of order a few nanoseconds.  

 A block diagram of the overall architecture is shown in Figure 11-15. 
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Figure 11-15: Block diagram of overall Science Raft electronics 

11.5.2 Location of electronics 
The physical location of the main electronic systems is a significant issue which is dependent on a 
number of important factors. Specifically, a major issue is how much, if any, of the electronics should 
reside within the cryostat, and how much should be placed outside.  

A major issue is pin-count on the sensors themselves. Each of the science sensors has of order 150 bond 
pads each of which requires connection to the readout electronics. There are thus, in excess of 30,000 
bond pads in the focal plane requiring connections and a motivating factor in determining electronics 
location is the desire to avoid this large number of vacuum feedthroughs in the cryostat. Secondly, we 
expect that a large contributor to crosstalk is in the cable connection between the Science Sensors and 
the Front End Electronics. Each sensor cable has multiple video channels with conductor to conductor 
capacitance. That this capacitance is a source of crosstalk implies that video cables should be as short as 
possible and for signal amplification to be located as close to the focal plane as possible. Further, 
transmission of analog signals from the first amplification point should be differential if they are to span 
any reasonably long distances. Thus, at a minimum, we require over 6,000 differential video connections 
for the focal plane. Given the large channel count, analog amplification will require dedicated ASIC 
technology. Commercial off-the-shelf (COTS) components could do the job, but would overgrow the 
available real estate near the focal plane.  

Other connections required for clock driving, biasing, and power, quickly escalate the total to well over 
10,000 connections at a minimum.  
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11.5.3 Front End Electronics 
The Front End Electronics (FEE) is responsible for providing clock signals and bias voltages to the CCDs 
and then taking the voltage signals from the CCD output amplifiers through an amplification and 
correlated dual sampling stage to prepare the CCD video signals for digitization in the Back End 
Electronics. The main FEE functions are accomplished by two custom integrated circuits – the ASPIC 
which handles the video signals and the CABAC which provides clocks and bias voltages. These two 
custom devices are mounted on pairs of custom printed circuits (the Front End Board – FEB) that serve 
three CCDs per pair of boards. These devices will be described in more detail below. 

11.5.3.1 Analog Signal Processing ASIC (ASPIC) 
The ASPIC refers generically to the CCD Analogue Signal Processing Integrated Circuit. Its goal is to 
amplify and process the signal coming from the focal plane CCD’s in order to optimize the signal to noise 
ratio before digitization  

The ASPIC contains 8 channels and is implemented in the AMS 0.35um 5V CMOS process. Three ASPICs 
are mounted on each Front End Board (FEB). The chip operates at -100°C and provides processed 
differential signals to the Back End Board (BEE) for digitization. 

The architecture chosen for the LSST camera signal processing is based on Dual Slope Integrator (DSI).  
Dual slope integrator processing combines correlated double sampling with CCD signal integration.  

This allows adding both system benefits. Correlated double sampling, eliminating reset noise, removes 
kT/C and 1/f noise while integration removes thermal noise.  A block diagram of one ASPIC channel is 
shown in Figure 11-16.  

 

Figure 11-16: ASPIC channel block diagram 

The correlated double sampling is performed by integrating first the CCD reference signal just after reset 
and then the charge signal with opposite polarity during the same integration time as shown in Figure 
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11-17. The difference of these two integrations provides the CCD signal with the kT/C and 1/f noise 
contributions removed. 

 

Figure 11-17: Dual slope integration sequence 

The CCD will be AC coupled to the ASPIC through an external capacitance. A large clamp switch has been 
integrated to perform a DC level restore regularly; this large switch will provide a very low resistance, 
around a few hundred ohms. 

The ASPIC has been specified to meet the following requirements as part of the overall electronics 
requirements: 

• Operates at a temperature of 173 ºK 
• Noise: 

en ≤ 5nV/√Hz maximum noise density 

enc ≤ 7 µV rms maximum input noise @ 500ns integration time (~2eˉ) 

Note : Either or both of the above may be met. If, for example, at very long integration time, en 
will rise but enc will fall, and still be an advantage. 

• Operation @ 250 kHz to 500 kHz 
• 0.05% maximum crosstalk between channels @ 500 kHz 
• 100k eˉ full well capacity 
• 0.5% linearity (defined over 0 to 100k eˉ) 
• Differential output 
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• Output load 50pF // 1kΩ 
• Power supply 5V with respect to reference Vref = 2.5V 
• Power dissipation ≤ 25 mW/channel 

Both the ASPIC and the CABAC implement a power down feature which allows a significant reduction in 
dissipated power during non-readout periods. 

11.5.3.2 Clock and Bias ASIC for CCDs (CABAC) 
The CABAC is an ASIC realized in a specialized high voltage CMOS process that will provide the clock 
signals and most of the bias voltages for the CCD sensors. Each chip will provide up to four high drive 
capability clock signals, three low current bias voltages, eight high current programmable voltage 
sources for the CCD output drains, and an analog multiplexer to provide diagnostic and environmental 
feedback. The CABAC is programmed via a simple SPI serial protocol. A block diagram of the CABAC clock 
driving circuitry is shown in Figure 11-18. 

 

Figure 11-18: Clock and Bias ASIC for CCDs (CABAC) block diagram 

As can be seen from the figure, the timing signals from the back end electronics arrive at the CABAC as 
LVDS signals while the upper and lower clock rail voltages are also set by the back end system. The 
somewhat odd five clock arrangement is because the CCD clock requirements demand four “parallel”, 
three “serial” and one “reset” clock. In general the voltage levels for the reset clock are different from 
the optimum voltage levels for either the parallel or serial clocks. With this arrangement it is possible to 
use one CABAC chip to drive parallel clocks and a second chip to drive the serial clocks plus the reset 
clock at a different set of rail voltages. 
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The CABAC provides three six bit DAC adjustable voltage bias channels for the CCD and eight output 
drain voltages.  All of the output drain voltages are also set by a DAC and then mirrored to eight 
separate outputs. 

11.5.3.3 Front End Board 
Each pair of FEBs that services a set of three CCDs on a raft consists of one serial clock board and one 
serial/parallel clock board  that are bolted together, separated by 10mm thick copper heat sink bars 
along each side. The boards and the bars are designed to remove heat generated on the boards during 
operation.  

A very partially stuffed prototype serial / parallel FEB is shown in Figure 11-19– a single ASPIC is in the 
upper left while the video and bias/control connectors to the back end are visible on the far right the 
nano connectors to the three CCDs would be installed on the far left. 

 

Figure 11-19: Front End Board 

Each FEB pair services three CCD’s with 24 video channels. These services are provided by two 
specialized ASICs: ASPICs and CABACs. Each board contains three ASPICs that receive CCD signals and 
generate video signals containing image data. The CABACs convert the differential LVDS timing signals 
for the CCD clocks coming from the backend electronics into the high voltage (~10V) single ended drive 
signals needed by the CCD. The boards also provide current sources (SST4416 JFETS) for the CCD’s 
source follower FETs. The CCD FET drain bias supply is provided by the CABAC. 

The serial / parallel board contains 6 CABACs that provide the buffered clock signals and the many 
required bias voltages to drive the CCDs.  The serial board only has 3 CABACs. The asymmetry between 
boards is necessary as the CCDs, in the reference design, have the four parallel clock lines bused on the 
CCD substrate so that they only require the parallel clock to be provided to one side while the serial 
clocks are independent on the two sides of the CCD. In this scheme, three of the CABACs on the serial/ 
parallel board are dedicated to driving all of the parallel clocks. The remaining three CABACs on the 
serial/parallel board and the three CABACs on the serial board drive the serial clocks to their respective 
sides of the CCD. LVDS parallel clock timing signals from the Raft Control Module feed the parallel board 
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CABACs. LVDS serial timing signals clocks feed the serial board CABACs and a board-to-board connector 
(J8) passes the external serial clocks to the serial clock CABACs on the parallel board. 

In addition to supporting the ASPIC and CABAC circuits as described above, the FEB also provides: 

1. Two on-board transistors may be used to monitor board temperature near one ASPIC and one CABAC 
chip. In addition, three connectors are provided near the CCD connectors to instrument temperature 
monitoring and heating on the Raft. 

2. A low-power (NAP) mode control is provided as a single-ended signal (CONTROL_P) to turn off both 
the ASPIC and CABAC for power reduction during an exposure. 

3. All power supplies for the ASPIC and CABAC are filtered and regulated with independent linear 
regulators as they come onboard. In addition, the ASPIC 2.5V reference is buffered. 

4. Optional RC-filtering of parallel clock signals out of the CABACs is available to adjust rise times and 
power dissipation in the CCD resistance.  

5. All bias voltages (RD, GD, GX, OD) provided to the CCDs have RC-filtering at the CCD connectors. 

6. All ASPIC control signals (Gain Selects, RC selects, DSI_Test) have on-board default settings in order to 
simplify testing 

11.5.4 Back End Electronics 
The Back End Electronics, or BEE, refers generically to the electronic crate (RCC) residing beneath the 
Raft Tower and to all of its contents. The RCC is thermally connected to the “cold plate” in the cryostat 
and operates at a nominal -40 ºC. It consists of several components as listed below. 

Table 11-3: Back end electronics 

Components  Acronym  Description  

Back End Electronics BEE Generic term for entire electronics package and contents 

Raft Control Crate RCC Mechanical implementation of crate package 

Back End Board BEB Each of six 24 channel video digitizer boards 

Raft Control Backplane RCB Data/Control/Timing path between RCM BEB 

Raft Control Module RCM Controller for readout/timing/setup BEB/FEB/Sensors 

Video Flex Cable VFX Transmission of 24 diff video signals from FEB to BEB 

Bias & Control Cable BCC Flex cable carries timing, power, bias signals to FEB 
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There are three main functions of the BEE. First, the BEE provides timing signals in the form of LVDS logic 
levels to the FEBs for the purposes of controlling the CCDs’ gates and Reset switches as well as real time 
signals for control of the ASPIC. Secondly, the BEE receives ASPIC output signals (video stream) and 
digitizes them for transmission to the Science Data System (SDS) via optical fiber. And finally, the BEE 
handles numerous “housekeeping” tasks such as providing programmable voltages required by the 
Clock and Bias ASIC for CCDs (CABAC) and the CCD, monitoring temperature sensors distributed on the 
FEE and sensor packages, and preparing meta-data packets for transmission to the SDS. The BEE system 
is considered a slave of the Timing & Control Module, from which it gets its master clock and other 
timing and control signal. The main components of the BEE are described in the following sections. 

11.5.4.1 Back End Boards 
There are six Back End Boards (BEBs) in each Raft Control Crate. Each of the BEBs interfaces to a 
corresponding FEB in the Raft Tower. This pair services one half of the segments on each of three CCDs 
in a row on the Raft. Two complete FEB/BEB pairs service one “row” of CCDs in each Raft. A cutaway 
model of the RCC showing one of six BEBs is shown in Figure 11-20. Each column of eight digitizer 
channels services one half of the segments on a particular CCD of the Raft. “Housekeeping” refers to 
traditional slow controls functions such as temperature monitoring, control of raft heaters, 
measurement of raft voltages, setting bias levels and so forth. Finally, a “local controller” handles 
collecting the serial data streams from all digitizer channels and putting them on the backplane for 
collection. It also transmits timing signals to the FEEs and handles addressing of the slow controls. 

 

Figure 11-20: Back End Boards 
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11.5.4.2 Raft Control Module 
The Raft Control Module is responsible for managing all of the data traffic to and from the Front End 
Boards and Raft Control Crate. The behavior of the RCM is controlled through the use of registers. These 
registers can be used to change the mode and parameters of operation and read the status of the RCC. 
All parameters upstream of the RCC are also controlled through the RCM. A set of default settings will 
be permanently held in the RCM. 

The CCD clock signal timing will be generated by the RCM using the TCM supplied master clock. The 
waveform generation is done by defining the structure with a compact custom set of instructions. These 
instructions include the ability to nest and loop subroutines. This method has shown itself to be an 
extremely flexible and compact way of defining the CCD clock signals. All of the data (288MB) from the 
nine CCDs in a raft will be read into the RCM and buffered before being sent to the SDS. 

The FPGA firmware in each RCM is reconfigurable via the TCM interface but there is on-board memory 
to hold the most recent configuration and so an RCM will power up in a known configured mode. 
Register contents in the FPGA is accessible either through the TCM interface or via the SDS interface so 
the instruction set (a few tens of words) defining CCD and ASPIC clock structure can be updated either 
via the TCM or SDS interfaces although it is expected that instruction set updates and meta-data 
transfers would be done through the SDS interface during normal observing. 

11.5.4.3 Raft Control Crate and Backplane 
Figure 11-21 below shows the RCC with its front panel hidden to reveal the distribution of boards within. 
Cooling within the crate is accomplished by use of heavy ground planes within all boards which transmit 
heat to aluminum bars on the edges. These in turn are bolted to the chassis which is then bolted to the 
cold-plate within the cryostat. The RCC is aluminum and with full complement of pc boards, has a mass 
of approximately 1 kg. Temperature rise from cold-plate to RCC chassis has been simulated and is 
expected to be approximately 5C. 
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Figure 11-21: Raft Control Crate 

The Raft Control Backplane (RCB) connects the RCM to its corresponding 6 BEBs. Since all 
communication signals are shared, a board geographical address is hard wired on the backplane and 
enables the RCM to individually address each BEB. The RCM will also be able to address all BEBs with a 
common broadcast address. The backplane signals are shown in Figure 11-22. 
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Figure 11-22: RCC backplane signals 

11.5.4.4 Cables to FEB 
Connections between BEB and FEB are done by means of custom Kapton flex cables terminated on both 
sides by Airborn Micro D connectors. The connectors are placed on opposite sides of the flex cable at 
each end so that the resulting cables are completely reversible. This requires that the connector or “top” 
side of the BEBs and FEBs be opposite each other. 

There are two cables per BEB-FEB pair – a 51 pin “video” cable carrying the 24 differential analog signals 
and a 69 pin “bias and control” cable carrying control signals and power supply and bias voltages. The 
RCC and Raft Tower will be connected by six each of the video and bias and control cables. Each type will 
be stacked and clipped together to form a natural “fan-fold” allowing the RCC to be easily extracted and 
re-inserted into its location on the cold plate.  

The cables are designed with an overall ground shield, but a shield that includes a thermal “break” in 
order to limit the heat flow from BEB to FEB. 

11.5.5 Timing and Control Module 
The Timing and Control Module (TCM) is the central resource providing a master clock to all science and 
corner rafts. As part of the TCM “bus” the TCM also provides a data path to and from each raft and an 
overall synchronization signal.  The TCM bus is shown in the following table. 

Table 11-4: TCM Signals 

Signal Function Comment 

SCLK Serial clock Nominal 50 MHz 

Common SPI bus (3)
SCK SDI SDO

Unique Geographical address (3)
‘0’ ‘1’ ‘5’

….
CCD Timing  (15)
4P, 3S, RG 2 Spare, 4 ASPIC, ADC Convert start 

Power and Bias (34 pins)

Address bus decoded to SPI CS (7)

Common CCD Data Bus (18)



LSST Camera Conceptual Design Report 

271 
 

Signal Function Comment 

SDO Serial Data Out Master to Slave data 

SDI Serial Data In Slave to Master data 

SYNC Sync signal Serial frame delimiter 

The TCM data path is used for reconfiguring the FPGA firmware and can be used to move data in or out 
of any of the registers in the RCM – including the digitized data from the CCDs. Thus the TCM data path 
can be used as a hardware diagnostic tool either stand alone or in concert with the SDS. For data 
transfers the TCM acts as a slave to the CCS. The TCM 50 MHz clock is continually running and is 
generated by a stable, low jitter, crystal oscillator. This shared clock allows all raft commands to take 
place in strict synchronism across the entire FPA. The TCM SYNC pulse is used by the CCS to initiate a 
command sequence (e.g. to read data from the CCDs). The TCM is located in the Utility Trunk in the 
“electronics crate” volume and is a simple fanout for the CLK and SYNC signals to all rafts and a 
separately addressable (or broadcast) connection to each raft. All TCM bus signals are implemented as 
LVDS. 

11.6 Assembly and Test 

11.6.1 Raft Tower Assembly and Test Facility BNL [Frank] 
A new ~1750 sq. ft. class-10k cleanroom is being planned in the BNL physics building (see Figure 11-23). 

 

Figure 11-23: New BNL cleanroom 
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 Construction funds are being provided by Scientific Laboratories Infrastructure (SLI) program within the 
Office of Science for the construction and revitalization of general purpose infrastructure as part of a 
series of major lab and office space renovations that will improve facilities in the Physics (PO) and 
Chemistry departments at BNL.  This cleanroom will be part of the first phase of these laboratory 
improvements, so construction should be complete during the summer of 2012.  LSST will be the first 
dedicated user of this new cleanroom.  In addition, an adjacent lab may be available for the LSST 
technical staff to share with other physics department technicians, while other laboratory space is 
undergoing renovation.   

Acceptance testing of the CCDs, construction of the 25 raft planes of 9-CCD sensors, metrology tests, 
integration with raft-electronics, and final raft testing will take place within this facility.  In order to meet 
the project timetable of raft construction over a 2-1/2 year funding profile, the facility will have three 
dedicated CCD-test stations, two metrology stations, two raft-test stations, and a station for detailed 
testing of one CCD per production lot (~1 in 8).  In addition, a soft-wall class-100 space (provided by LSST 
funding) will be utilized when the CCDs are exposed for significant time while they are being installed 
into the raft structures.   Except for periphery laboratory benches, storage units, sinks and vent hoods, 
LSST will be expected to fill the space with equipment, as needed. 

Additional space for the CCD sensor and raft construction will be in the Instrumentation Division (IO) 
building.  This includes the existing class 10k ~500 sq ft cleanroom and laboratory space that has been in 
use for study-contract and prototype sensor testing, metrology, and mock-up raft construction. The IO 
and PO areas are ~200m apart, so transport of people and equipment between the areas should be 
relatively easy. 

11.6.2 Assembly sequence 
Providing a detailed description of the assembly process is outside the scope of this section. What 
follows are the highlights of the major assembly steps. 

The assembly procedure begins by populating the raft with nine tested CCDs, all of which have 
previously been checked for flatness and whose shims have been set to provide the proper height when 
mounted.  Specialized measuring equipment and dedicated tooling is then used to check the mosaic 
flatness of the nine CCDs on the raft (if differential screws have been used, the mosaic height/flatness is 
adjusted for the first time).  After performing tests and checks, the Raft/CCD sub-assembly protective 
tooling is installed around the raft to encase the CCDs and it is ready for further assembly.  The tooling 
also provides mounting features during subsequent work. 

The two copper tower walls are the paths for heat removal from the RTM.  The two walls orthogonal to 
them complete the mechanical structure and are presently aluminum, though they may be changed to 
copper whose contraction more closely matches that of the FEE boards and perfectly matches the other 
walls, if the weight increase is not problematic.  To assure final coplanarity of the mounting surfaces of 
the heat path copper walls to the Cryoplate, all four walls are pre-assembled and held in position 
relative to each other via precision dowel pins in the corners, then the copper mounting surfaces are 
pre-machined as an assembled unit.  The walls are then disassembled but are kept together as a set.  



LSST Camera Conceptual Design Report 

273 
 

The dowel pins, asymmetrically placed to allow reassembly of the four walls in only one orientation, 
guarantee proper mating to the Cryoplate. 

 

Figure 11-24: Abbreviated Science Raft Tower Assembly Sequence 

The tower build-up uses the Raft/CCD sub-assembly as a base, image plane facing down within the 
protective tooling.  The polyimide flexi-cables and their integral nano-connectors are facing up, and they 
are poked through the slits of their respective conductance barrier piece.  Then the nano-connectors are 
mated to their FEE boards in a prescribed order to facilitate best access to each connector.  The 
heatsinks are interposed between the appropriate boards during board installation.  The two copper 
and two aluminum (or alternate material) tower walls are assembled around the boards, and screws 
through the walls into the heatsink strips on the boards hold the parts together.  The hold-down arms 
are then attached to the raft, the rest of each hold-down is assembled in place, and the hold-down cams 
are engaged into the two aluminum tower wall recesses.  After tests and checks are complete, the RTM 
is placed into its shipping tooling and is complete. 

11.7 Alternative Analysis 
The major trades affecting the design of the Science Raft Tower are covered in Chapter 9 (which 
addresses the science sensors) and in Chapter 4 (which discusses early trades on the layout of the 
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Camera focal plane and placement of back-end readout electronics). Lower-level technology trades in 
the Raft are beyond the scope of this conceptual design report. 
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12 Corner Raft Towers  

12.1 Introduction 
Four special purpose rafts, called Corner Rafts, are mounted at the corners of the LSST science camera, 
and contain wavefront sensors and guide sensors. A single design can accommodate two guide sensors 
and one split-plane wavefront sensor integrated into the four corner locations in the camera.  Although 
contained within the LSST Camera, the corner rafts have a role in activities encompassing the entire 
operation of the telescope.  

 

Figure 12-1: Focal plane layout 

12.2 Requirements 
The Corner Rafts location is dictated by the requirement that the wavefront sensor cover 4 field angles 
in a square geometry with the highest possible atmospheric de-correlation. Additionally, the guide 
sensors have a similar requirement. This has driven the corner raft to be located at the edge of the field 
and therefore at the edge of the sensor array. This has forced the corner raft sub-system to have a 
triangular cross section as opposed to a square cross section for the science raft. Additionally, the 
expectations of maintaining the philosophy of modularity and interchangeability used in the science 
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rafts has pushed most of the driving requirement on the corner raft to be related to packaging in a 
constrained volume. 

Another driver is related to the leveraging of the electronics system and infrastructure (such as thermal 
management and mechanical stability) from the science raft development effort. The challenge for the 
corner raft is to re-package the electronics chain used for the science sensor CCDs such that it would 
accommodate the corner raft geometry while maintaining the logical functionality of the design. 
Interfaces to the Cryoplate and cold plate have to be similar due to the fact the corner raft is sharing the 
focal plane, driving the thermal design as well as the contamination characteristics to be equivalent to 
that of the science raft. 

The control of the location of the sensor has been shown to be of similar characteristics as control of the 
science sensors and therefore, the desire to leverage similar design principle and mechanism as from 
the science raft has been a primary driver. 

12.3 Corner Raft Design Description 

12.3.1 Role of the Corner Raft in the overall LSST 
The Corner Raft sub-system is responsible for acquiring pixel data for the active optics system based on 
curvature wavefront sensing. To support this activity, the Corner Raft must acquire intra and extra focal 
images at 4 locations at the edges of the focal plane that will be used by the Telescope Control System 
to estimate the wavefront and, through reconstruction, provide inputs to the active optics controller. 
Images are collected in parallel with the Science images and follow the corresponding exposure time 
and cadence (nominally 15 second exposure and 2 second readout time). 

The Corner Raft sub-system is also responsible for acquiring small images centered on selected bright 
stars at a nominal 9Hz rate. These images are used to estimate the pointing variation during the 
exposure and provide input to the telescope control tracking system. 

12.3.2 Corner Raft architecture within the LSST camera 
The Corner Raft subsystem will provide images from 8 guide sensors and 4 wavefront split sensors. The 
images are collected at the focal plane by the sensors. The sensors are readout by the analog electronics 
located in the Corner Raft Towers. As shown in Figure 12-2, the front end electronics in each Corner Raft 
Tower, identified by Pair 1 FEE1, Pair 1 FEE2, Pair 2 FEE1, Pair 2 FEE2, reads the data from the sensors 
and provides a conditioned signal to the back end electronics located in the Corner Raft Control Crates. 
The back end electronics provide an interface to the camera control and data systems over a high speed 
serial interface (PGP link). The Timing and Control Module (TCM) provides real time synchronization 
across the camera to ensure that data is acquired with accurate rate, start and stop times. The 
Wavefront Data System (WDS) provides access to the wavefront images to either the Telescope Control 
System (TCS) for close loop operation or to the data management system for archival storage. The 
Guider Data System (GDS) computes in real time the centroid location of the selected guide stars and 
provides access to the data from the TCS for tracking. The telescope decides whether the information is 
used to close the loop or not, depending on the current mode of operation. The Observatory Control 
System (OCS) initiates commands resulting in images being acquired by the Corner Raft sub-system. The 
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OCS coordinates with the Camera Control System (CCS) for camera specific actions including the Corner 
Raft operating steps and the TCS for data processing and active control. 

 

Figure 12-2: Corner Raft system component block diagram in the context of the LSST Camera and Telescope 

12.4 Corner Raft Tower Mechanical Design & Analysis 

12.4.1 Sensor Corner Raft 
Each sensor package will be mounted to the Corner Raft structure by means of 3 threaded stud/pin legs, 
Belleville washers and locking nuts. Removable, thermally-conductive spacer/shims that can be adjusted 
will be used to set the height of the sensor surfaces above the Corner Raft. Identical Corner Rafts will be 
mounted in four corner locations on the GRID structure (which also supports the Science Rafts) by 
means of an adjustable 3-point ball-and-vee kinematic mount design. A concept for this mount system is 
shown in Figure 12-3.  
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Figure 12-3: Side view of sensor-to-Corner Raft-to-Grid mounting scheme 

The back side of the Corner Raft features three radially-arrayed vees ground into the Raft material. The 
vees uniquely define the position of the Corner Raft with respect to silicon-nitride ceramic balls that are 
fixed in cups mounted on the Grid.  This forms a kinematic connection that isolates the Corner (and 
Science) Rafts from Grid distortion due to external dynamic and transient loads, assembly tolerances, 
and to the expected thermal motions due to differential contraction during cooling.  The Corner Rafts 
are held in position by springs that pre-load the Corner Rafts against their kinematic coupling to the 
Grid, producing a uniform, invariant loading. The deflection of Grid and Corner Raft due to the spring 
loading is compensated for during initial integration, and remains unchanged in operation, independent 
of camera orientation and temperature. 

The Grid, Science Rafts, and Corner Rafts will be manufactured from a silicon-carbide ceramic matrix 
composite. This material is used for lightweight and stable space-borne structures, including focal 
planes, optical benches, and mirrors. The high modulus, high thermal conductivity, near-zero expansion 
coefficient and improved fracture toughness of the ECM CeSic material makes it ideal for the Grid, 
Science Raft, and Corner Raft structures.  A closed-loop thermal control system will be used to adjust the 
temperature of the Corner Rafts, thereby maintaining a suitable and stable operating temperature for 
the sensors. 

12.4.2 Corner Raft Tower Concept 
The LSST Camera cryostat contains four sets of guide sensors and wavefront sensors in identical Corner 
Rafts at the edge of the camera field.  Each Corner Raft Tower contains one wavefront sensor and two 
guide sensors and dedicated front end electronics. The mechanical and thermal design of the Corner 
Rafts is as similar as possible to the Science Rafts.  
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Front-end electronics for operating the wavefront and guide sensors are packaged within the volume 
behind the detectors, similar to the Science Raft configuration, in an electronics crate Tower. The Grid 
supports as little mass as possible—only the sensor Rafts and their supports—to reduce gravity induced 
deflections. The Tower is supported by a neighboring cryogenically-cooled “Cryoplate” at about -130 ºC 
temperature. Each Corner Raft is thermally connected, but structurally decoupled from the Tower by 
use of thin copper thermal straps to remove the electrical and radiant heat load from each Corner Raft 
and conduct it back to the Cryoplate.  Electrical connections between sensors and front-end electronics 
boards are made by flat flex circuit cables.  Details of the preliminary design for Corner Raft/Towers for 
the LSST camera are shown below. 

 

Figure 12-4: CAD model of the Corner Raft Tower 

12.4.3 Corner Raft Control Crate Concept 
Back end electronics for operating the wavefront and guide sensors are packaged within the volume 
behind the Corner Raft Towers in “Control Crates” (see Figure 12-5).  The Control Crates are supported 
by a neighboring cryogenic-cooled Coldplate at about -40 ºC temperature.  The Coldplate removes 
process heat from the power, clock, and digital back end electronics.  Flat flex cables are used to make 
the electrical connections between front end electronics boards in the Tower and back end electronics 
boards in the Control Crates. 
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Figure 12-5: CAD model of the Corner Raft Control Crate 

12.4.4 Mechanical interfaces 

12.4.4.1 Cryoplate interface 
The Corner Raft Tower is a mechanical enclosure that contains the front end electronics boards (FEBs) 
and has a smaller “footprint” than the Corner Raft.  The Tower is fastened to the Cryoplate by a series of 
screws through the Cryoplate to provide the thermal path from Corner Raft CCDs and FEBs to the 
Cryoplate, and to act as a barrier to contaminants outgassed from electronics that could degrade the 
image quality of the CCDs. 

The set of flex cables that connect power, control, and analog data signals between the Corner Raft 
front-end and the back-end electronics is passed through a triangular-shaped opening in the Cryoplate.  
Access to the rotating cams on the two Corner Raft hold-down mechanisms is through cut-outs in the 
Cryoplate adjoining the opening for the flex cables. 
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Figure 12-6: Corner Raft to Cryoplate Interface Drawing 

12.4.4.2 Coldplate interface 
The Corner Raft Control Crate is a mechanical structure that houses the back end electronics boards 
(BEBs).  The front end of the Control Crate is fastened to the Cold Plate by a series of captive screws in 
the castellated flange along two sides of the Control Crate, providing a thermally connection to conduct 
heat from the BEBs to the Cold Plate.  The FEE-BEE flex cables are passed through a triangular-shaped 
opening in the Cold Plate and connected to the BEBs at the front end of the Control Crate. 

 

Figure 12-7: Corner Raft to Coldplate Interface Drawing 
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12.4.4.3 Cryostat interface 
The designs for the mechanical and thermal interfaces between the Corner Rafts and the Cryostat are as 
similar as the possible to the interface designs for the Science Rafts.  The mechanical interface between 
the Corner Raft and the Grid provides precise mechanical location and support for the Corner Raft 
sensors with respect to the focal plane. The mechanical and thermal interfaces between the Cryostat 
and Corner Raft Towers and Control Crates support the electronics to control and read out the CCDs and 
provide the thermal paths for removal of the heat from the Corner Raft CCDs, front end and back end 
electronics without adversely affecting the performance of the Science Raft subsystems. 

 

Figure 12-8: Corner Raft to Cryostat Interface Drawing 

12.4.5 Thermal & Structural Analysis 
Thermal steady-state finite element analysis results of a simplified Corner Raft Tower model, with 
average power (10.9W) heat load and temperature in the Cryoplate cooling channels fixed at -130 ºC, 
are shown in Figure 12-9. Makeup heat of ~0.75W from ohmic heaters mounted on the backside of the 
Corner Raft is required to raise the temperature of the sensors to -100 ºC.  A closed-loop thermal circuit 
will be used to adjust the make-up heat on each Corner Raft to maintain a stable operating temperature 
for the sensors with varying thermal loads. Thermal steady-state finite element analysis results of a 
simplified Corner Raft Control Crate model, with average power (15W) heat load and temperature at the 
Coldplate interface fixed at -40 ºC, are also shown in Figure 12-9. 



LSST Camera Conceptual Design Report 

284 
 

 

Figure 12-9: Corner Raft Tower thermal analysis results 

Preliminary structural finite element analysis of a simplified Corner Raft and sensors model, with the 
Corner Raft kinematically supported by the vees on fixed balls, and including thermal loads, gravity and 
applied spring forces, results in a “z-axis” deformation of the Corner Raft and sensor surfaces of ~1 μm. 
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Figure 12-10: Corner Raft Tower structural analysis results 

12.5 Corner Raft Tower Electronics 
Data acquisition and control for the wavefront and guide sensors are managed using the same 
infrastructure as for the Science detectors. The Corner Raft Tower contains four ASPIC ASIC for reading 
the two guide sensor data and two ASPIC ASIC for the split wavefront sensor. The ASPIC implements the 
CCD readout and was developed specifically for LSST. The electronics used to read the CCD sensors are 
identical to the Science electronics and are simply re-packaged to accommodate the smaller footprint 
and reduced numbers of channels. 

12.5.1 Guide Sensing Electronics Architecture 
Similarly to the Science sensor electronics, the Guide sensor electronics is divided into two main 
components comprised of the guide sensing front-end electronics and guide sensing back-end 
electronics. The front end electronics contains the analog functions while the back-end electronics 
contains the analog to digital conversion and all other digital functions including communication to the 
various external systems. The front-end electronics is contained in the Corner Raft Tower and the back-
end electronics is contained in the Corner Raft Control Crate. The guide sensor electronics is physically 
independent from the waveform sensor electronics and have their own independent boards; however, 
they are co-located within the mechanical crates. 
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The guide sensor electronics operates from the same master clock as the Science and wavefront sensing 
electronics, however, the readout sequences are executed during Science and wavefront integration. As 
such, we do not expect any cross-talk or pickup noise issues between guider operations and Science or 
wavefront operation. The separate power supplies and electronics boards are an additional safeguard to 
prevent negative effect on Science and wavefront electronics from reading the guide sensors at high 
rate. The timing is provided by a dedicated guider timing and control module (TCM). The guide TCM has 
the same clock as the Science TCM, but provide different control signal to support the high cadence 
readout rate during an exposure.  

12.5.2 Guide Sensing Front-End Electronics 
The guide sensing front-end electronics is based on the Science sensor front end electronics and is 
responsible for providing clock signals and bias voltages to the CCDs as well as transmitting and 
preparing the voltage signals from the output amplifiers for digitization in the back-end electronics. The 
design is using the ASPIC to amplify and process the signal coming off the CCDs. The control chip 
(CABAC) is also used to provide the clock signals and most of the bias voltages required by the CCD 
sensors. The circuitry is identical to the Science sensor design, but the implementation is re-packaged to 
fit the diagonally shaped Corner Raft Tower. Additionally, during operation the sequencing of the front-
end electronics by the back-end electronics is operated at 9Hz to meet the guide servo loop 
requirements.  

The two guide CCDs are serviced by a pair of guide front-end boards as shown in Figure 12-11. The two 
boards are bolted together and share a board-to-board connector. Each board contains 2 ASPICs and 4 
CABACs to control a single CCD while on the other side, one board is dedicated to transmitting the video 
channels while the other receives the bias and controls. The intent is to have a clear separation between 
video signals and controls for improved noise and crosstalk issues.  

Even though the 2 guide sensors located in each Corner Raft are controlled using a single pair of boards, 
their sequencing will be simultaneously different to accommodate different guide windows locations. 
This is easily done from the back-end electronics, and a high density 85-pin nano connector for bias and 
control between the back-end and front end has been selected to ensure sufficient control signals are 
available. 

Finally, each guide sensor board from the front-end pair also provides temperature sensing near one 
ASPIC and one CABAC. Support for temperature monitoring and heating of the Corner Raft is also 
available in a similar fashion to the Science front-end board capabilities. Power supplies, bias voltage, as 
well as clock signal filtering is also available. 

12.5.3 Guide Sensing Back-End Electronics 
The Guide sensing back-end electronics is located in the Corner Raft Control Crate and is comprised of 
two mezzanine boards. This board pair is responsible for managing all of the data traffic to and from the 
Front End Boards and Raft Control Crate as well as the interface to the Guide Data System (GDS) and 
Timing and Control Module (TCM). Both Guide sensor CCDs are serviced by the 32 ADCs digitizing the 32 
video signals from the sensors. 
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This pair implements the same functionality found in the Science Raft Control Module as well as the 
Science Raft Control Backplane and therefore provides similar housekeeping and slow controls 
capabilities. A block diagram is shown in Figure 12-11. 

 

Figure 12-11: Guide sensing electronics block diagram 

The FPGA firmware is reconfigurable via the TCM interface, but there is on-board memory to hold the 
most recent configuration and so, similarly to the Science RCM, it will power up in a known configured 
mode. Register contents in the FPGA is accessible either through the TCM interface or via the GDS 
interface so the instruction set (a few tens of words) defining CCD and ASPIC clock structure can be 
updated either via the TCM or GDS interfaces, although it is expected that instruction set updates and 
meta-data transfers would be done through the GDS interface during normal guiding operation. 

The guide sensor CCD clock signal timing will be generated by the guide sensing back-end board pair 
using the TCM supplied master clock. CCD operations are controlled by a synchronous readout 
processor implemented within the FPGA of the guide sensing back-end electronics. The microcode for 
this processor is downloaded through the TCM or GDS, so that the processor is completely unaware of 
the purpose of any particular code. This architecture is particularly useful in the case of the guide sensor 
for two reasons. First, the same electronics design used in the Science sensor back-end electronics can 
be re-used in the Corner Raft with only changes to the downloaded firmware needed. Second, the 
windowed operation can be simplified or upgraded by loading new code to the back-end electronics as 
needed. 

The guide sensing CCD sequences are more complicated than Science Raft sequences, but it is expected 
that the code would be the same except for guide window coordinates. A possible guider sequence 
implementation compatible with the overall guider timing shown in Figure 12-12 is given below: 

• Set up the sequence microcode without guide window coordinates 

• Download window coordinates to registers 
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• Execute single frame read with large window 

• Download smaller guide window 

• Execute frame reads until told to stop 

12.5.4 Guide Sensing Electronics Interfaces 

12.5.4.1 Power Supply Interface 
As shown in the table below, the Power Distribution System provides a number of different potentials to 
the guide sensing back-end electronics in the Corner Raft – the same voltages as used in the Science 
Rafts, but at lower maximum current. Each supply is floating and is separately adjusted and monitored. 
The adjustment, monitoring and on/off sequencing of the supplies is controlled by CCS. The PDS has 
separate power supply groups for each of the 21 Science Rafts and for each of the four Corner Rafts. In 
general, the power used in the Corner Raft, as in the Science Rafts, is regulated at the point of load to 
further reduce interference – for instance the ASPIC and CABAC have separate low dropout linear 
regulators to take Avdd from about 7V to the 5V required by the chips. 

Table 12-5: Power supply voltages 

Voltage(V) Current(A) Name Description 

-2 0.5 Avss ADC Amp negative supply 

2 0.5 Dvin2 Digital power for backend 

7 .75 Avdd Analog power for FEB 

5 .8 Dvin2 Digital power for backend 

30 .13 Vhh Bias supply for CABAC 

30 .13 Vin Clock supply for CABAC 

-110 .002 Vbias Adjustable 0 to -110V – CCD bias 

12.5.4.2 Timing and Control Interface 
The Timing and Control Module provides control and synchronization to the Science and Corner Rafts. 
Each Science Raft works as a single TCM node since all sensors on a Science Raft operate in parallel. 
However, the Corner Raft, with its Wave Front Sensor and two independent Guide Sensors is logically 
three TCM nodes. In the final design the Corner Raft may be treated as a slight subset of three full TCM 
nodes (for instance the 50 MHz Clock signal is identical for all TCM nodes) to reduce cabling demands. 

12.5.4.3 GDS Interface 
The guide sensing back-end electronics interfaces via a high speed to its own data system called the 
Guide Data System (GDS). The overall guide sensing timing for a typical exposure is shown in Figure 12-
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12. The Corner Raft is by default in reset mode, where the pixels are continuously read and their charge 
reset. After the shutter opens, the GDS initiates an initial read on the sensors located on the side which 
sees the sky first. That initial window has a size defined by the telescope based on seeing condition and 
telescope pointing accuracy and is nominally around 33 pixel x 33 pixels. This larger window takes 
significantly more time to be readout, but CCD readout timing analysis has shown that this can be 
achieved within the 200ms allocated to the sensors, including the integration time. The telescope 
receives the window pixel data and sends a refined window to be read at 9Hz. That refined window is 
much smaller and of the order of 10 pixels x 10 pixels. Based on the location in the CCD segment, the 
readout time can range from 1.25 ms to 35 ms and a variable integration time is expected. It has been 
shown that, as long as the start of integration on all sensors is synchronized within 1 msec, the servo 
loop rejection ratio and bandwidth is appropriate for guiding. As the shutter fully opens, the same 
sequence is repeated on the 4 guide sensors located on the other sides. Once all windows have been 
refined, their integration start times are all synchronized within 1ms and the data is sent to the GDS, 
which in turns forwards the data to the telescope for centroiding computations and servo loop control. 

The Interface to the GDS is done over the LSST high speed serial link (PGP), with each CCD per Corner 
Raft using its own virtual link. The latency of the link is minimal because its data rate exceeds the pixel 
data readout at the sensor. Each Corner Raft has its own serial link to the GDS. 
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Figure 12-12: Guider timing diagram 
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12.5.5 Wavefront Sensing Electronics Architecture 
Similarly to the Science sensor electronics, the Wavefront sensor electronics is divided into two main 
components comprised of the wavefront sensing front-end electronics and wavefront sensing back-end 
electronics. The front end electronics contains the analog functions while the back-end electronics 
contains the analog to digital conversion and all other digital functions including communication to the 
various external systems. The front-end electronics is contained in the Corner Raft Tower and the back-
end electronics is contained in the Corner Raft Control Crate. The wavefront sensor electronics is 
physically independent from the guide sensor electronics and has their own independent boards; 
however, they are co-located within the mechanical crates. 

For electronics readout purposes, the split wavefront sensor of two 2kx4k pixels is seen as a unique 
4kx4k sensor. This allows the electronics to operate fully synchronously with the Science electronics as 
they share the same integration time. The synchronicity is maintained using a wavefront dedicated 
timing and control module (TCM) that operates exactly as the Science sensor TCM. This guarantees that 
the potential cross-talk and pickup noise issues are limited and similar to the Science sensor operation 
so that the identical cross-talk correction algorithm and processing chain can be used. 

 

Figure 12-13: Wavefront sensing electronics block diagram 

12.5.6 Wavefront Sensing Front-End Electronics 
As mentioned previously, the wavefront sensing front-end electronics is based on the Science sensor 
front end electronics and is responsible for providing clock signals and bias voltages to the CCDs as well 
as transmitting and preparing the voltage signals from the output amplifiers for digitization in the back-
end electronics. The design is similarly using the ASPIC and the control chip (CABAC). The circuitry is 
identical to the Science sensor design but the implementation is re-packaged to fit the diagonally 
shaped Corner Raft Tower and simplified due to the need of controlling a single equivalent 4kx4k sensor. 

The split CCD in a Corner Raft Tower is serviced by a pair of wavefront front-end boards as shown in 
Figure 12-13. The two boards are bolted together and share a board-to-board connector. Each board 
contains 1 ASPIC and 2 CABACs to control half a CCD while on the other side, one board is dedicated to 
transmitting the video channels while the other receives the bias and controls. As in the guide front-end 
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board pair, the intent was to have a clear separation between video signals and controls for improved 
noise and crosstalk issues.  

Each wavefront sensor board from the wavefront front-end pair also provides temperature sensing near 
one ASPIC and one CABAC. Support for temperature monitoring and heating of the Corner Raft is also 
available in a similar fashion to the Science front-end board capabilities. Power supplies, Bias voltage as 
well as clock signal filtering is also available. 

12.5.7 Wavefront Sensing back-end electronics 
Similarly to the guide sensing back-end electronics, the wavefront sensing back-end electronics is 
comprised of a board pair responsible for servicing the front-end electronics and interfacing with the 
TCM and wavefront Data System (WDS). This electronics pair is a scaled down design of the Science 
sensor back-end electronics, where only 16 video channels are digitized to cover the two 2kx4k split 
wavefront sensors. 

The wavefront sensing electronics controls CCD operations using a synchronous readout processor. The 
microcode is provided by the TCM or WDS and, as for the guide sensing electronics, the FPGA is 
unaware of the purpose of the particular microcode. Even though the baseline design requires the full 
split image to be readout, the design allow for extended use of the sensors such as windowed mode, 
binning, etc … 

The microcode for reading out the wavefront CCDs is slightly different than Science sensors due to the 
split architecture, but the code is executed synchronously as the data is readout once per exposure. 

12.5.8 Wavefront Sensing Electronics Interfaces 

12.5.8.1 Power Supply Interface 
The power distribution system (PDS - see chapter 19) provides a number of different potentials to the 
wavefront sensing back-end electronics in the Corner Raft. Those voltages are identical to those 
provided for the Guider. 

12.5.8.2 Timing Interface 
The Corner Raft, with its wavefront and two independent guide sensors, is logically three TCM nodes. 
The wavefront sensing TCM node operates identically to the Science sensor Raft TCM node as the 
readout is done at the same time with the same timing. 

12.5.8.3 WDS Interface 
The interface to the wavefront sensing dedicated data system (WDS) is performed similarly to the 
interface between the Science RCB and the SDS over a high speed serial link (PGP). The WDS receives 
data from the wavefront sensing back-end electronics and provides the microcode sequence to run the 
wavefront CCDs. Each Corner Raft has its own serial link to the WDS. 

12.6 Assembly & Test 
Purdue University is responsible for assembling and testing the Corner Raft Towers. Given that LSST is a 
survey telescope, the mechanical and electrical systems must be reliable, with a high up-time. All 
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mechanical and electrical sub-assemblies will be functionally and performance tested prior to installing 
in the Corner Raft Towers, minimizing the risk of early failures and the need for disassembly during 
subsequent camera integration and commissioning. Sensors and electronic sub-assemblies are modular 
and self-contained, allowing them to be installed, removed, and serviced with minimal disturbance of 
neighboring components. 

After assembly and system testing, each Corner Raft Tower and Control Crate will be shipped to SLAC for 
integration into the LSST Camera. The same procedure and installation tooling on a gantry motion 
control system envisioned for integration of Science Raft Towers and Raft Control Modules will be used 
for integration of Corner Raft Towers and Control Crates into the camera cryostat. 

12.6.1 Assembly Sequence 
Sensors will be assembled into Corner Rafts in a face-down orientation to allow easy access to the 
installation mechanism and to minimize the potential for surface contamination and accidents.  Special 
tapered installation pins are screwed onto the ends of two of the threaded stud legs on the sensor 
package. Using a handling fixture, the sensor package (with flex cables attached) is pulled into contact 
with the Corner Raft.  The taper on the pins is designed to fully engage the mounting holes in the Corner 
Raft before the sensor package overlaps any neighboring sensors. 

After sensors are installed and leveled in the Corner Raft, a protective lid will be fastened to the Corner 
Raft to protect the sensors from particulates and contamination.  Subassemblies (consisting of front end 
electronic boards fastened to mounting bars and cage sides joined to form two sides of the Tower) will 
be pre-assembled before final integration. The thermal straps, front end electronics and spring-loaded 
yoke hold-down sub-assemblies are progressively connected to the Corner Raft, sensor flex cables, and 
Tower, working from the center to the outside of the Corner Raft Tower.  A conductance barrier (to 
separate the ultra-clean focal plane from the support electronics) is formed during assembly by the 
installation of bar-shaped parts between thermal straps and sensor flex cables across the front end of 
the Tower.  The assembly of the back end electronics boards to mounting bars, and subsequent 
assembly into the Control Crates proceeds similarly to the assembly of front end boards in the Tower. 
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Figure 12-14: Corner Raft Tower assembly sequence 

 

Figure 12-15: Corner Raft Control Crate assembly sequence 
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12.6.2 Corner Raft installation into the camera 
Corner Raft Towers are modular and designed to use the same tooling and insertion, mounting, 
connecting, and testing processes developed for installation of the Science Raft Towers into the 
Cryostat.  Likewise, Corner Raft Control Crates are installed using the same procedures and tooling 
developed for integration of the RCM assemblies into the Cryostat for the Science Rafts. 

As with the integration of Science Raft Towers, Corner Raft Towers are inserted into the Corner bays of 
the Grid and Cryoplate from below, with the Cryostat pointed downward in its integration stand.  An 
insertion arm on the XYZ-gantry is extended down through the Cryostat and fastened to the back-end of 
the Corner Raft Tower.  The FEE-BEE flex cables, previously connected to the connectors on the back 
end of the FEBs and tested, are dressed and secured to the insertion arm. The Corner Raft Tower with 
FEE-BEE cables is pulled into the Cryostat through the Grid, making small adjustments with the XYZ-
gantry to maintain alignment during insertion. 

As the Corner Raft reaches its mounting location, V-blocks on the Corner Raft contact the balls on the 
Grid, lifting the Corner Raft off the temporary supports on the Tower.  The Tower is pulled an additional 
~4mm into the Cryostat until its back end contacts the Cryoplate.  The same pre-loaded spring hold-
down mechanism design for the Science Rafts is used to allow this relative motion between the Corner 
Raft and Tower.  The Tower is the fastened to the Cryoplate with screws, the FEE-BEE cables are 
detached from the insertion arm, and the insertion arm is disconnected from the back of the Tower and 
retracted from the Cryostat. 

Mechanical installation is completed by transferring the load of the hold-down springs from the sides of 
the Tower to support points on the back of the Grid.  This load transfer is accomplished by rotating the 
cams of the hold-down mechanisms to lock the Corner Raft into place on the Grid. 

Following mechanical integration, the Corner Raft Tower is electrically integrated by connecting the FEE-
BEE flex cables to the incoming Corner Raft Control Crate which is staged on a platform on the top of the 
Cryostat.  The entire Corner Raft-FEE-BEE electrical assembly is then tested to ensure that all systems 
are functioning prior to installing the Control Crate.  After electrical testing is complete, the Control 
Crate is mounted to the insertion gantry at the top of the Cryostat.  As the Control Crate is lowered into 
place onto the Cold Plate, the FEE-BEE flex cables are folded in the space between the Cryo and 
Coldplates.  The Control Crate is then screw fastened to the Cold Plate and the integration gantry 
removed. 

The final step of the integration process involves plugging the vacuum feedthrough pigtails connectors 
to the back of the electronic boards in the Control Crate.  Testing using equipment connected to the 
pigtails on the outside of the Cryostat will be performed to verify that all internal connectors are mated 
as well as ensure that all Corner Raft Tower systems are functional. 
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Figure 12-16: LSST Corner Raft assembly and test facility at Purdue University 

12.7 Alternative Analysis 
The major trades affecting the design of the Corner Raft Tower are covered in Chapter 10 (which 
addresses the design and placement of the guide and wavefront sensors) and in Chapter 12 (which 
discusses early trades on the layout of the Camera focal plane and placement of back-end readout 
electronics). Lower-level technology trades at the Raft level are beyond the scope of this conceptual 
design report. 
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13 The Cryostat 

13.1 Introduction 
The Cryostat subsystem includes all the on-and off camera components that support the vacuum vessel 
that is closed by the last optical element (L3) and hold the camera focal plane sensors and readout 
electronics in an appropriate environment.  The subsystem includes as well the all the utilities (vacuum, 
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purge, contamination control and refrigeration) necessary to accomplish this. For completeness, the 
subsystem also includes the Utility Trunk structure itself.   

13.2 Cryostat Subsystem Requirements 
The highest level requirements on the Cryostat Subsystem are indicated in Table 13-1 and fully specify 
the Subsystem.  In particular, the overall requirement (C-CRYO-001) of the Cryostat Subsystem is to 
provide the precision mechanical, controlled thermal, and clean environmental support for the focal 
plane sensors, front-end electronics , and back-end electronics, that will allow them to operate within 
their own specifications for extended periods of time between routine servicing.  These in turn were 
derived largely from the image quality, and throughput requirements imposed on the Camera, and the 
environmental and safety requirements from the telescope.  The Cryostat Body itself also provides the 
mechanical and environmental support for the last refractive optical element (L3) of the telescope.  

Table 13-1: High Level Cryostat System Requirements 

Performance Requirements

C-CRYO-001
The cryostat shall provide the mechanical, thermal, electrical and vacuum environment necessary 
for the in spec operation of the sensors between routine servicing intervals. 

C-CRYO-002 C-187, C-019 Thermal

The cryostat shall provide thermal hardware necessary to hold the cryoplate at the design 
temperature of -130 degC with a distributed heat load (process, radiation and conduction) totaling 
~580 W and with a range, uniformity and stability that is consistent with accommodating the finer 
controls of the raft tower. 

C-CRYO-084 C-197, C-019 Thermal

The cryostat shall provide thermal hardware necessary to hold the cold-plate at a temperature of -
40C in the presence of a distributed heat load  (process, radiation, conduction) of ~400 W with a 
range, uniformity and stability consistent with back end electronics function

C-CRYO-085 C-190, C-020, C-031 Vacuum

The cryostat shall provide vacuum hardware necessary to hold the region of the sensors [clean 
vacuum] at a partial pressure of ~10-8 Torr of water vapor and other condensable gases, to avoid 
buildup exceeding image quality budget  between servicing 

C-CRYO-083 C-CRYO-002 Vacuum
In order to maintain thermal insulation for the sensors and electronics, the cryostat shall provide 
vacuum hardware necessary to hold the balance of the cryostat at a total pressure of 10-6 Torr .                                                                                                                                                                                                                                                       

C-CRYO-134 C-205 Purge
The cryostat shall provide a purge system for controlled venting of the cryostat body and 
maintaining cleanliness and a small overpressure during servicing

C-CRYO-082

C-044, C-047, C-048, C-
049, C-050, C-051, C-
062, C-053 Mechanics

The cryostat shall provide stable and reproducible positioning and mechanical support for the 
sensor plane, meeting the allocated  image quality budget of 4 microns PV, through design of the 
Grid flexures, kinematic mounts, radiation shields, cryoplate and their connections

C-CRYO-141 C-044 In-Situ Metrology The cryostat shall provide the means to verify the positional stability of the focal plane location.

C-CRYO-127 Mechanics
The cryostat shall provide a stable and reproducible mechanical support for front-end electronics 
through the cryostat body, the cryoplate and their flexures

C-CRYO-126 Mechanics
The cryostat shall provide a stable and reproducible mechanical support for the backend electronics 
through  the cryostat body, the coldplate and their flexures. 

C-CRYO-142 C-133 Mechanics
The cryostat shall allow for the removal and insertion of rafts and electronic assemblies in any order 
without removal of adjacent raft.

C-CRYO-103 Feed through
The cryostat shall provide the control and signal  feed throughs for the science and corner rafts and 
readout modules

C-CRYO-123 Feed through
The cryostat shall provide the instrumentation feed throughs for temperature sensing and heaters 
within the Grid, cryostat body and cryo and cold plates.

C-CRYO-087 C-036 Grounding
The cryostat components shall be grounded compliant with the Cryostat  Electronics Grounding  
Plan (LCA-TBD)

Camera Interfaces

C-CRYO-003 C-190 Contamination
The cryostat components shall be compliant with the Camera Contamination Control Plan (LCA-
TBD)

C-CRYO-004 C-191 Environment The cryostat components shall be compliant with the Camera Environmental Specification (LCA-68)

C-CRYO-005
C-192, C-230, C-231, C-
234 Mass The cryostat components shall be compliant with the Camera Mass Budget (LCA-119-A)

C-CRYO-007 C-183 Protection Protection from mechanical and electrical failure shall be handled locally within the system
C-CRYO-008 C-224 Commanding The cryostat shall accept commands from the CCS according to ICD TBD
C-CRYO-070 C-144 Telemetry The cryostat shall provide telemetry to the CCS in accordance with ICD TBD
C-CRYO-071 C-133 Lifetime The cryostat shall be designed to operate for at least 15 years

Requirement
Predecessor/ 
Traceability Title Requirement Description

 



LSST Camera Conceptual Design Report 

 300 

To accomplish this, the Cryostat subsystem is divided into four main functional elements; (1) the 
Cryostat Body, (2) the Vacuum and Purge System, (3) the Refrigeration System, and (4) the Utility Trunk.  
The on-Camera elements are shown in Figure 13-1. 

 

Figure 13-1: Cryostat subsystem, Isometric cutaway view 

An exploded view of the Cryostat Body is shown in Figure 13-2. 



LSST Camera Conceptual Design Report 

 301 

 

Figure 13-2: Exploded view of Cryostat body 

The Cryostat Body is a largely self-contained vacuum vessel closed at the front by the L3 refractive optic 
and vacuum pumped at the rear.  It houses and cools the Raft Towers and back-end readout electronics, 
and in particular provides the stable mechanical platform that precisely aligns the Raft Tower elements 
of the focal plane.  Analog and digital signals exit the rear of the Cryostat Body into the Utility Trunk, 
shown in Figure 13-3. Refrigeration lines enter and exit the rear flange as well.  

The Utility Trunk supports the Cryostat Body, housing power supplies, instrumentation and support 
electronics that do not need to reside within the Cryostat Body vacuum itself.  The Utility Trunk also 
supports the on-camera elements of the Refrigeration System.   

The Refrigeration System provides cooling for front-end and back-end electronics within the Cryostat 
body.  A schematic of the modular Refrigeration System is shown in Figure 13-4. 

It has major components (counterflow heat exchangers, valves) in a distinct vacuum space (Heat 
Exchanger Module) at the rear of the Utility Trunk, and vacuum / super insulated transfer lines that 
traverse it and connect to the back of the cryostat.  In addition there are components (compressors, 
water-cooled condenser, oil separators, fractionators etc.) on the ground in the Utility Room.  Room 
temperature fluid and gas lines run between the Utility Rooms and the camera.   



LSST Camera Conceptual Design Report 

 302 

 

Figure 13-3: Side view of Utility Trunk 

13.2.1  Vacuum Requirements: 
The Cryostat body is a vacuum vessel at ambient dome temperature that is used to insulate the cold 
focal plane and readout electronics from conductive and convective heat losses.  A pressure 10-5 to 10-6 
Torr is sufficient for this purpose and can be achieved by use of double Viton O-ring seals with pumpouts 
throughout the vessel, wherever warm seals are required.  The driving requirement of the vacuum 
system however is not the vacuum required for insulation, but rather the partial pressure of 
condensable molecules (for example H20, CO, etc.) in the focal plane region at the front of the Cryostat 
Body.  These molecules can be cryo-pumped onto the cold focal plane and inside surface of L3, and 
subsequently absorb incident light over a wide spectrum of wavelengths.  The change in light 
transmission must be small over periods between calibrations (the observing night) and ideally small 
over the longer time between scheduled warmups and maintenance of the Cryostat.  The requirement 
for the vacuum in this region is then set by flow-down from the image quality budget and to some 
extent by the throughput budget (to the extent that observing time may be lost due to unscheduled 
warmups of the focal plane).   While laboratory measurements are ongoing, it appears that the rate of 
rise of the partial pressure of H2O in the focal plane region must be ~ 10-8 Torr Liter/sec to drive down 
condensable buildup into the few nm/year range. This obviates the need for periodic warmups to drive 
off and remove by pumping any built up layers.  
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Figure 13-4: Schematic of mixed refrigerant cryogenic system 

13.2.2 Contamination Requirements: 
Contamination (particulate and chemical/non-evaporable) in the Cryostat Body can lead to degradation 
of the Image Quality, through absorption and scattering of light on the focal plane.   The requirement is 
set by the Image Quality budget.  Particulate (dust) contamination will be controlled by enforcing a clean 
room / assembly environment (a Class 10000 Clean Room is required for integrating the focal plane).  
Non-evaporable/chemical contamination has a similar requirement as water (discussed under Vacuum) 
but should be easier to enforce as elements of the Cryostat Body will be cleaned for high-vacuum and to 
a large extent are bakeable at > 85 ºC (the first water point) prior to integration.  During Integration and 
Test (I&T) however, the Cryostat Body will be filled with the 21 Raft Towers, 4 Corner Rafts and the 
back-end electronics and the cables between them. This represents a large surface area of materials 
that cannot be baked out above the water-point, and the contamination requirements must therefore 
be set within the relevant subsystem and delivered to I&T for verification testing prior to insertion into 
the otherwise clean and tested cryostat. 

13.2.3 Thermal Requirements: 
The driving thermal requirement is the need to operate the CCD sensors at -100 ºC with sufficient 
uniformity and stability across the focal plane so as to achieve suitable and stable sensor quantum 
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efficiency without frequent recalibration of the system.  In addition to process heat (front end 
electronics), there is radiation through L3 and from the warm walls of the Cryostat Body, and a small 
amount of conduction from the mechanical supports of components inside the cryostat to the walls and 
front flange of the vessel.  In total, approximately 580 W of heat must be removed by the Cryoplate at -
130 ºC utilizing a mixed refrigerant system, to accommodate the anticipated thermal impedance across 
the Raft Tower. 

The back-end electronics are held at -40 ºC by the cold-plate.  Approximately 400W must be removed by 
a similar but more conventional liquid refrigerant system. 

13.2.4 Mechanical Requirements: 
The driving mechanical requirement is the specification for the contribution of the Cryostat Subsystem 
to the focal plane’s location and its aplanarity.   In particular, the aplanarity allocation to the Cryostat is 
presently set at 4 μm peak-to-valley.  The interpretation of this requirement is that these are the 
residual non-calibratable, non-correctable contributions that may arise from:  

I.    displacements of the cryostat as whole off the support ring and hexipod, due to 
changes in the gravitational vector during normal telescope operation 

II.    rigid body displacements of the Grid off its flexures, from changes in the gravity vector 
during normal camera and telescope operation,  

III. gravitational distortions of the Grid following Raft integration by normal camera and 
telescope operation,  

IV. Grid distortions due to residual thermal non-uniformities during normal camera 
operation,  

V. Uncorrected errors in the initial integration of Rafts onto the Grid due to measurement 
accuracy, or kinematic mount non-reproducibility 

VI. Changes in the Raft position due to kinematic mount stiffness and/or instability    

13.2.5 Electrical Requirements: 
There are two driving requirements addressing electronics within the Cryostat Body. The Cryostat 
subsystem must comply with the Cryostat/Camera Grounding Plan, and in particular that the common 
ground is at the Cryoplate and the electronics within the Cryostat Body have grounds isolated from all 
other elements the cryostat.  The second requirement is the need to pass a large number of digital 
signals and power between the front end electronics and the backend electronics (in a mechanically 
controlled fashion) and take signals and power to and from the backend electronics through the rear 
vacuum wall of the Cryostat.  

13.2.6 Other requirements 
In addition to the formal requirements described in the previous paragraphs, the cryostat in general is 
required to survive for 15 years of operation with scheduled servicing fitting largely within the regularly 
scheduled telescope downtimes.  

Accordingly, cryostat integration and serviceability have led to the requirement that the cryostat design 
be modular with respect to the Raft Towers and their front end electronics (FEE) and the back-end 
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readout electronics (RCC).   In particular, all Grid bays and back end electronics bays must be 
integrateable and serviceable from the rear of the cryostat, in any order, without removing adjacent 
Rafts or electronics and only minimal uncabling.  In general, access to the inside of the cryostat for 
servicing and repair will require removal of the camera from the telescope and relocation to a clean/dry 
environment, with a warmup and purge cycle prior to opening.  Access to the Utility Trunk is also 
minimal during telescope operation, as it sits largely within the M2 mount. 

13.3 Cryostat Design Description 

13.3.1 Cryostat Structural Design 

13.3.1.1 The Cryostat Body (Pressure and Vacuum Vessel) 
The Cryostat body is an aluminum pressure vessel shaped as a conical frustrum. It is ~74 cm long,  ~65 
cm diameter at the front entrance (L3 Flange) and ~95 cm diameter at the back end.  The wall thickness 
is ~ 6 mm along the conical sides, and there are only two penetrations for getter pump access and the 
regeneration system along those sides, near the front.  The body itself is cantilevered off of a rear flange 
or support ring (see Figure 13-5).  The top and bottom openings have welded annular flanges.   

 

Figure 13-5: Isometric view of Cryostat body top w rear flange support ring 

The front of the cryostat is closed by the L3 flange and the ~6cm thick L3 refractive optic (see Figure 13-
6). 
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Figure 13-6: L3 and L3 flange cross section 

The lens itself is mounted in an annular ring with Viton gaskets on each side, to form a double o-ring seal 
with the cryostat body front flange. The region between the seals is actively pumped.  L3 sees the warm 
camera environment on one side and the cold focal plane on the other.  Its perimeter is clamped to the 
warm body of the Cryostat. Accordingly, this flange may be fabricated from Titanium if it is necessary to 
improve the thermal uniformity of L3 and thereby reduce optical effects associated with the 
temperature gradient from the cold center to the warm edge. During integration and testing of the 
cryostat, the L3 flange and L3 optic may be replaced with a metallic blankoff flange. During Raft 
integration, the L3 flange and optic may be replaced with a flange and flat optic to make the focal plane 
metrology simpler.  

The front flange of the cryostat also provides support for the Grid, in the form of three Titanium 
flexures. 

The back of the Cryostat is closed by a large composite flange (see Figure 13-7). The outer part of the 
flange is an annular ring ~2cm thick which contains all the feedthroughs (electrical, optical and 
cryogenic).   It is installed and tested prior to Raft and electronics integration.  The inner part of the 
annulus takes the shape of an octagonal plate with areas up to 3.8cm thickness. It gives clear back 
access to the Science and Corner Raft bays for the integration and servicing.  This inner plate or “pump 
plate” contains all the on-camera high vacuum components and is put in place following integration. 
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Figure 13-7: Detail of rear flange 

Any necessary backing pumps will be located either in the Utility Trunk or elsewhere in close proximity.   
Both flanges seal with double Viton O-rings and are actively pumped between. During integration and 
testing, a simpler blank version of this plate may be used. 

The only other penetrations to the cryostat are at the forward end, near the focal plane region. Two 
ports have been added for removing, regenerating and replacing the focal plane getter pumps, while the 
cryostat remains under vacuum. 

While stainless steel would have simplified somewhat achieving the vacuum and cleanliness 
requirements of the Cryostat, camera mass considerations have lead us to choose aluminum for the bulk 
of the cryostat vessel.  A trade study has shown that properly processed and handled aluminum is 
commonly used in ultrahigh vacuum systems, and would be suitable for the cryostat as well.   A 25% 
mass reduction amounting to ~200Kg was achieved by the use of aluminum as the primary structural 
material for the Cryostat Body. 

13.3.1.2 Cryostat as an Optical Bench for the Focal Plane Sensors 
The Cryostat Body mechanically supports the three primary elements of the camera:  

I. the Grid,  
II. the Cryoplate and  
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III. the Coldplate 

All load transfers through these elements within the Cryostat must be accomplished in a fashion that 
does not influence the precise alignment, height and lateral positioning of the focal plane sensors. 

The Grid (see Figure 13-8) is the rigid 18cm thick Silicon Carbide ~65cm diameter “picture frame” 
structure that mechanically supports and maintains the positioning and precision alignment of the 21 
Raft-Towers and 4 Corner Rafts that make up the focal plane and guide sensors.  SiC ceramic is chosen 
for its large stiffness to weight ratio as well as its excellent thermal properties (high thermal conductivity 
and low CTE).   Held at the Cryoplate temperature, it also provides in part the uniform thermal 
environment for the Raft Towers and Corner Rafts, and aids in cryo-pumping the focal plane vacuum. 

 

Figure 13-8: Isometric view of the top of the Grid 

The Grid itself is mechanically supported and pre-aligned to the front of the Cryostat body by three 
Titanium flexures (Figure 13-9).  These attach to the Grid via a precision ball and groove kinematic 
mount.  Titanium is used here for its stiffness (reducing rigid body motion of the Grid under a varying 
gravity vector-during operation) and low thermal conductivity (reducing the conductive heat leak from 
the body).  The other side of the coupling is set of three Silicon Carbide bosses which are integral to the 
Grid, and lined with Invar-36 to help reduce point stresses within the joint.  In this manner, the Grid and 
any additional loads that it supports (elements of the Raft-Tower and Corner Rafts, and the flexible Grid 
thermal straps) are transmitted to the cryostat body in a controlled and reproducible fashion. 
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Figure 13-9: Grid flexure mounted to Grid 

In keeping with the grounding requirements, the Grid is electrically isolated from the cryostat body by 
ceramic washers in each of the flexure connections. 

Each of the 21 Science Rafts and 4 Corner Rafts are aligned on the front face of the Grid by means of a 
ball and three-vee kinematic coupling of the raft tower plate to the Grid (Figure 13-10). 

The CCD sensors themselves have been pre-aligned atop each raft tower plate.  Both the sensor height 
relative to the vee-grooves and the sensor to sensor coplanarity is controlled.  Each raft-tower to Grid 
kinematic mount is uniformly spring loaded to ~5g.  This load is transferred only through the Grid to a 
cam-locked hold-down feature at the base of each raft-tower bay in the Grid (Figure 13-11) on two 
opposite sides.  This simplified load transfer decouples potential effects of distortions in the cryostat 
body and/or the Cryoplate from the Grid and Raft Tower. 
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Figure 13-10: Raft-Grid kinematic mount rendition 

The Cryoplate sits just behind the Grid.  While its purpose is to remove heat (at -130 ºC) from the front-
end of the cryostat, its mechanical function is to transfer the load of the front end electronics (FEE) to 
the body of the cryostat without influencing the sensor plane positioning or planarity.  After integration 
into the Cryostat, these electronics are only loosely coupled mechanically to the sensor plane via flex 
cables and thermal straps.  During integration of the Raft Towers into the cryostat, the load transfer of 
the front end raft tower electronics is accomplished by detaching them from their temporary mount to 
the raft plate, and then bolting them directly to the Cryoplate (Figure 13-12). The Cryoplate is in turn 
attached to the body of the cryostat by four flexures. 

These flexures are shared with the cold plate, which sits just below the Cryoplate (Figure 13-13) and 
provide flexibility of the joint to the cryostat body, when both plates contract during cooldown.  These 
flexures are also electrically isolated by ceramic washers from the Cryostat Body, to control the grounds. 
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Figure 13-11: Cam-lock feature at base of Grid 

 

Figure 13-12: Detail of bolted joint of Raft to Cryoplate 
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Figure 13-13: Cryoplate and Coldplate flexures 

While the cold plate removes heat (at -40 ºC) from the back end of the cryostat, its mechanical function 
is to support the load of the back end electronics modules (RCC) and transfer that load to the cryostat 
body via the four shared flexures.  Those modules are bolted to the cold plate itself to make 
thermal/mechanical contact.  The only additional forces arise from the flexible cable plant which attach 
the front end electronics to the back end electronics and the flex cables that attach the backend 
electronics modules to the feedthrough plate at the rear of the cryostat.  The former apply small forces 
between the Cryoplate and Coldplate, while the later apply a force between the Coldplate and the 
Cryostat feedthrough flange. 

13.3.2 Cryostat Thermal Design 

13.3.2.1 The Cryostat from a thermal perspective 
The body and internal components of the Cryostat set up the thermal environment for the sensors and 
electronics.   An insulating vacuum (~10-5 to 10-6 Torr) reduces conduction from the cryostat walls, the 
cryostat back flange and L3 to all the cold internal components.   The long flexures which support the 
Grid and the Cryo and Coldplates provide low conductance paths from the warm walls (~15W).    

Two ribbon cables with 61 and 59 conductors each, run between each of 6 cards in the Front End 
electronics within the tower (at -130 ºC), to the corresponding Raft Control Crate (RCC) at -40 ºC.  The 
cable ground planes have thermal breaks, however the total conductive heat load remains   less than ~ 
2W/Raft Bay (or <50W total).  About 12W is also lost through conduction between the warm raft plate 
and the Grid, through the kinematic mount balls. 
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 The balance of the heat load flows radiantly into the cryostat from its outside surfaces, which sit within 
the camera body operating close to the ambient dome temperature.  L3 and the aluminum walls radiate 
~75W and ~10W respectively onto the cold internal components (see Figure 13-14). 

 

Figure 13-14: Radiation from L3 onto focal plane 

The former flows to the Cryoplate via the Raft Tower, while the latter radiation is largely intercepted by 
Cryoshrouds surrounding the Grid perimeter and framing the focal plane, and flowed directly to the 
Cryoplate.  Additional radiative loads amount to ~4W from the Raft Plate to the Grid, and ~10W from 
the warmer Coldplate to the Cryoplate.  The heat from the cryostat body to the Coldplate is intercepted 
by the back end multi-layer insulated shroud, and the pumping plenums and chimneys.  Heat loss 
through cables exiting the cryostat from the RCC to the feedthrough flange will be smaller because of 
the smaller temperature difference and the smaller cable count.  Each RCC has 4 coaxial cables to the 
SDS, 4 twisted pair cables to the Timing and Control Module, and 8 power wires, which penetrate the 
rear vacuum.  

By far the dominant heat sources are the process heat generated by the front end and back end 
electronics, ~400W and ~400W respectively, when they operate at the anticipated 11% duty cycle.  The 
process heat from the electronics is removed from the cryostat through direct conduction to the 
Cryoplate and Coldplate and to a lesser extent by radiation of the FEE to the Grid bays walls. Table 13-2 
summarizes the approximate heat loads and heat paths within the cryostat and illustrates the 
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approximate operating temperature of all parts of the cryostat.  The total load on the Cryoplate is thus 
~580 W and the cold plate ~400 W. 

Table 13-2: High Level Cryostat System Requirements 

Source (warm)

Source 

Temp. 0C Target (Cold)

Target 
Temp. 

(0C) Form Quantity (Watts)

L3 Focal Plane -100 Radiation 71

L3 and Front Flange
Picture Frame 

Shroud -130 Radiation 3.7

Cryostat Body 20
Picture Frame 

Shroud -130 Radiation 1
Raft Tower 3-Vee 

Coupling -100 Grid -130 Conduction 12
Raft Tower Plate -100 Grid -130 Radiation 3.8
Raft Tower Body -115 Grid -130 Radiation 5
Cryostat Body 20 Perimeter Shroud -130 Radiation 8
Cryostat Body 20 Grid Flexures (3) -130 Conduction 4.2

Cryostat Body 20 Cryoplate Flexure(4) -130 Conduction 11.2
FEE(All Sensors) 11% 

Duty Cycle -115 Cryoplate -130 Conduction 400
Coldplate -40 Cryoplate -130 Radiation 10

RCM -40
Raft Tower Base via 

Cables -130 Conduction <50
CRYOPLATE total:   <579

Coldplate -40 Cryoplate Flexure -130 Conduction small
RCM(all Sensors at 

11% Duty Cyle) Coldplate Conduction 400

Cryostat Body 20

Rear Shroud, 
Pumping Plenum and 

Coldplate -40 Radiation small
Feedthroughs 20 RCM Via Cables -40 Conduction small
COLD PLATE total:  400  

The most critical requirement is that the sensor plane in the Cryostat operates at -100 ºC.  To achieve 
this temperature the Cryoplate must remove ~570W total of heat at ~-130 ºC at the base of the Raft-
Towers.   There is a small allowed operating range (~2 0C) sensor to sensor across the focal plane, but 
temporal drift over the observing night must be limited to a few tenths ºC to avoid drifts in the absolute 
quantum efficiency between daily calibrations.  The Cryoplate has a long (tens of minutes) time-constant 
because of its thermal mass and the speed at which the refrigeration system’s compressors can 
potentially adjust flow.   Accordingly, stabilization of small temperature drifts of the sensors is 
accomplished by the individual rafts having local temperature sensors and make-up heaters that 
operate in a closed control loop.  The back end electronics requirements are considerably looser, having 
to remove ~400W of heat at a warm –40 0C. The performance of the RCC modules is significantly less 
sensitive to temperature non-uniformities and drift.   

Thermal gradients in the Grid also have the potential to influence the sensor alignment and must 
therefore be controlled.  To help reduce gradients, the Grid itself is fabricated from a form of Silicon 
Carbide, a ceramic typically having high thermal conductivity and very low thermal expansion coefficient 
over our operating temperatures.   The Grid is chosen to operate at the Cryoplate temperature being 
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tied to it by two thermal straps on opposing sides, within each bay. Initial studies indicate that the 
connections are optimal for intercepting heat if they are made near the top end of the Grid.  The Grid 
also has a thermal Cryoshroud (also tied to the Cryoplate) around it perimeter and over its exposed top-
surfaces to intercept radiation from the cryostat walls and L3.    

Finally, the distribution of temperatures in the Cryostat also influences the cleanliness of the focal plane 
through the cryo-pumping of residual water or other condensable molecules in the cryostat.  The 
thermal environment has been arranged such that the focal plane will never be the coldest surface in 
the cryostat.  This is true during the system cooldown, warmup and in the event of any loss of heating 
from electronics or power failures.   We anticipate the addition of a modest number of temperature 
sensors and make-up heaters on the Grid, Cryo and Coldplates to help in trimming temperature 
distributions and also to expedite the warmup of the system.  

13.3.3 Cryostat Vacuum Design 

13.3.3.1 The Cryostat from a vacuum, purge & contamination standpoint 
A schematic of the complete vacuum and purge system for the Cryostat is shown in Figure 13-15.
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Figure 13-15: The Cryostat vacuum and purge system 
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There are two primary vacuum systems for the camera.  One handles the cryostat vessel and one 
handles the insulation of the Refrigeration System.  In addition, there is a small ancillary system that 
pumps the small regions between all the double seals in the flanges and feedthrough plates that close 
the cryostat and another that handles the protective zones around the channels in the Cryo and 
Coldplate, and other refrigeration line junctions lying within the cryostat. These systems are completely 
distinct and do not communicate with each other.  A purge – gas system is connected to each of these 
vacuum systems to allow controlled venting and return to positive pressure.   

13.3.3.2 Cryostat Vacuum 
The cryostat has the most stringent vacuum requirements.  Table 13-3 gives a picture of the major 
surface areas within the cryostat, and the expected gas loads based on initial tests conducted in the 
Material Test facility (see below). 

Table 13-3: Materials in the Cryostat 

Operating 
Temp (ºC)

Total surface 
area (cm^2)

Outgassing 
rate for 
material (Torr-
L/sec/cm^2)

Water 
outgassing rate 
for material (torr-
L/sec/cm^2)

Total 
Outgassing 
(torr-L/sec)

Total Water 
Outgassing (torr-
L/sec)

Stainless Steel
15 55406 1.40E-11 6.10E-14 7.76E-07 3.38E-09

-100 5331 1.40E-11 6.10E-14 7.46E-08 3.25E-10

OFHC
15 1087 3.80E-10 9.40E-12 4.13E-07 1.02E-08

-40 40721 1.10E-10 2.40E-12 4.48E-06 9.77E-08

-100 20244 6.00E-11 5.80E-13 1.21E-06 1.17E-08

-130 41913 6.00E-11 2.80E-13 2.51E-06 1.17E-08

Aluminum
15 45120 1.00E-10 3.00E-11 4.51E-06 1.35E-06

-50 26880 1.00E-10 3.00E-11 2.69E-06 8.06E-07

-100 22241 1.00E-10 3.00E-11 2.22E-06 6.67E-07

Silicon
-100 3207 5.00E-09 1.00E-11 1.60E-05 3.21E-08

Aluminum Nitride
-100 384 ?

Silicon Carbide
-100 12872 7.60E-13 1.40E-14 9.78E-09 1.80E-10

-130 53449 7.60E-13 1.40E-14 4.06E-08 7.48E-10

E-Woven glass
-50 39701 4.00E-09 2.00E-11 1.59E-04 7.94E-07

-130 16580 9.00E-10 2.00E-13 1.49E-05 3.32E-09  
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Table 13-3: Materials in the Cryostat (cont’d) 

Operating 
Temp (ºC)

Total surface 
area (cm^2)

Outgassing 
rate for 
material (Torr-
L/sec/cm^2)

Water 
outgassing rate 
for material (torr-
L/sec/cm^2)

Total 
Outgassing 
(torr-L/sec)

Total Water 
Outgassing (torr-
L/sec)

Circuit board epoxy
-130 668

Other conductive epoxy
15 (?) 200 1.70E-08 1.80E-11 3.40E-06 3.60E-09

Polyimide/Kapton cable
-40 4000 1.47E-11 1.93E-14 5.88E-08 7.72E-11

-100 4000 1.88E-12 4.01E-17 7.52E-09 1.60E-13

Titanium
-40 958 ?

-130 2483 ?

Fused Silica
15 10364 9.00E-10 5.00E-11 9.33E-06 5.18E-07

Airborn connectors
15 100 1.10E-09 6.20E-11 1.10E-07 6.20E-09

-30 300 2.70E-10 9.00E-12 8.10E-08 2.70E-09

-150 300 5.40E-11 5.00E-14 1.62E-08 1.50E-11

Feed Thru Epoxy
15 250 1.00E-09 1.00E-10

TOTALS 2.22E-04 4.32E-06

PRESSURE WITH
TWO PUMPS 
RUNNING 1.48E-06 2.88E-08  

 



LSST Camera Conceptual Design Report 

 319 

 

Figure 13-16: Material Test Facility 

A base pressure of 10-5 to 10-6 Torr is needed for vacuum insulating the warm walls from conduction to 
the cold surfaces within.  As indicated in Table 13-3, the vacuum system should be able to bring the base 
pressure below 10-5 Torr at room temperature and to ~10-6 Torr when cooled down.  The more stringent 
requirement is the partial pressure of condensable molecules and their conductivity to the focal plane 
itself.  Roughly, the residual “leak rate” of condensables into the focal plane region should be less than 
10-8 Torr L/sec. Through careful selection, cleaning and coating of materials utilized in the cryostat, we 
expect that the only prevalent molecules will be water and possibly CO2.  All heavier molecular species 
will be eliminated through engineering controls. 

To satisfy these requirements, the Cryostat and the vacuum systems have incorporated four features. 

I. All materials used in the cryostat will be qualified for use based on tests in the Material 
Test Facility. This will include the preparation, handling and storage of the material.   
Before being introduced into the Cryostat, during integration, the properties of each 
element will be re-tested to insure compliance with expectations.  During setup of the 
cryostat, a clean dry environment will be insured, both through the properties of the clean 
room and through slight overpressure with a dry inert gas (N2) by the purge system.   
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II. The cryostat itself is loosely divided into two vacuum regions that are designated “focal 
plane or clean vacuum” and “backend vacuum”, shown in Figure 13-17.  The clean part 
embodies the focal plane surface – L3 region and extends back through the two pumping 
chimneys to the pump plenum and one of the Turbomolecular pumps.  The division is 
accomplished by loose mechanical baffling of the spaces to isolate them and by introducing 
additional molecular flow barriers between the Front End Electronics and the CCD’s.  The 
back end vacuum space includes everything else, in particular the cables and electronics 
and is pumped by a second Turbomolecular pump.  Both spaces are loosely connected and 
hence do not see a differential pressure. 

III. During all non-observing times the cryostat will be pumped by the two turbomolecular 
pumps (TMP) located at the rear of the cryostat, and backed by a scroll pump located 
elsewhere on the camera.  The TMPs will have vibration isolation allowing them to be used 
during observing if necessary.  The primary vacuum holding system during observing is 
based on non-evaporable getters (warm molecular sieve) chosen to maintain the clean 
vacuum, by selective pumping of water and CO2.  These pumps will lie in the focal plane 
line of sight.  A second system of evaporable getters (cold activated charcoal) will pump 
more broadly, and intercept molecules flowing from the back of the cryostat. They will lie 
in the pump chimneys and be tied to the Cryoplate for cooling. As the cryostat is warmed 
up, these will outgas almost directly into the volume in front of the TMP’s flanges. 

IV. Finally, the temperature distribution in the cryostat will be arranged to reduce as much as 
possible the cryo-pumping action of the focal plane. In particular, the front end electronics 
and the Grid will be held between 15 and 30 0C colder than the focal plane. The focal plane 
will only see limited surfaces that are significantly warmer (the periphery of L3 and the 
cryostat body near the front flange). 
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Figure 13-17: Vacuum regions in the Cryostat 

13.3.3.3 Refrigeration System Vacuum 
The refrigeration system vacuum is purely an insulating vacuum for the Heat Exchanger Modules and 
transfer lines from the individual heat exchangers to the back flange of the cryostat where they enter 
and exit it.  This system will provide about 10-4 Torr vacuum, and be initially pumped down by a scroll 
pump.  A small ion pump will be used for holding the vacuum after the system is pumped down.  This 
vacuum system may also be employed to pump on the fluid protection regions in the Cryo and 
Coldplates which guarantee that refrigerant leaks cannot propagate into the cryostat vacuum.   

The scroll pump will also be remote valve-able to selectively pump on the double o-ring gaps, and any 
vacuum spaces trapped by valves, allowing disconnects to be made without spoiling the cryostat or 
refrigeration system vacuums. 

13.3.3.4 Purge System 
The purge system contains a source of dry nitrogen (possibly LN2 boiloff) with pressure regulation, and 
temperature control and a mass flow meter for monitoring.  This will reside on the ground in the Utility 
Room and be plumbed to the camera in stainless steel lines.  For safety, a pressure relief valve or 
rupture disk will also be present to prevent the accidental over-pressuring of any part of the system. 
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13.4 Cryostat Mechanical Design & Analysis 

13.4.1 Grid and Grid Flexures 
The backbone structure for assembling, supporting, and aligning the CCD focal plane in the LSST cryostat 
is designated the “Grid.”  The Grid must provide a flat, rigid and stable mechanical support surface for 
the focal plane CCD’s (pre-aligned on individual rafts ) , while operating in all orientations (zenith to ~30 
deg from the horizon) and transitioning from ~20 ºC  temperature to operating temperature 
(approximately -130 ºC).   To achieve this, requires the design of a compact but rigid support structure, 
of a material of good thermal conductivity and having small variation in thermal expansion coefficient 
over this operating range.  The thermal properties help to ensure stability and reproducibility of the 
mechanical structure and in particular, the critical metrological properties of the focal plane.  Thermal 
isolation of the front end electronics making up the Raft Towers helps provide focal plane stability while 
a thermal match to the materials of the Raft Towers improves long term mechanical reproducibility of 
the kinematic mounts that provide the focal plane alignment.  The Grid must also function to provide 
the mechanism for reproducible, final mechanical adjustment and alignment of the rafts during Raft 
Tower integration.   

The investigation of possible materials for the Grid included candidate ceramics and metals.  The best 
match is a class of materials based on Silicon Carbide ceramic.   Silicon Carbide (HB-CeSic for example) 
has a density of ~3 g/cm3, has high thermal conductivity (~120W/m ºK) and a low thermal expansion 
coefficient (dropping from 2.1x 10-6 /K at room temperature to below 0.4 x 10-6 /K at operating 
temperatures).   Its stiffness to weight ratio is excellent.  ECM- Munich produces a version of Silicon 

Carbide designated HB-CeSic  which is ideal considering the very large transverse dimensions and 
thickness of the Grid (see Section 13.7) 

The ECM material HB-CeSic  is produced by starting with carbon fiber (actually non-directional carbon 
fiber felt) in a phenolic-like block.  It is “green machined” in this state very close to final dimensions, (the 
subsequent shrinkage is both small and well-modeled).  The part is then fired (“Pyrolized”) to reduce the 
phenolic to carbon, with embedded carbon fibers remaining. The final step in the chemical processing is 
silicon infusion by reaction of the carbon matrix in a furnace, where liquefied polycrystalline silicon is 
infused in an exothermic reaction at ~1200 ºC.  The silicon infusion reaction must be done within a 
narrow temperature range.  Accordingly, the detailed design of the Grid and the firing process must be 
subjected to thermal analysis and modified accordingly to accommodate the silicon infusion reaction’s 
thermal requirement.  After cooling, the resulting structure is sand-blasted to remove unreacted silicon 
scale, inspected to insure uniform silicon infusion, and then fine ground or machined with diamond 
tooling wherever a better surface finish or tighter dimensions are required. An advantage of this process 
is that defects found in the final structure can be corrected by re-firing.   Additionally SiC components 
can be bonded to the structure by a similar re-firing process, with very close to the standard mechanical 
and thermal properties being retained across any new boundaries. The latter technique will be used for 
example to bond the silicon carbide Grid Flexure bosses onto the finished silicon carbide Grid body. 

The Grid Engineering and Manufacturing Study was completed by ECM in 2009 and resulted in modest 
changes to the early design of the Grid.  Rigidization of the structure by use of “hammerhead” shaped 
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joints allowed better access for silicon infusion and control of reaction temperature.  Changes were 
made to the interface bosses for the support flexures to reduce high load point stresses. And finally, 
changes were made to incorporate features for mounting adjustable ball-cups at the Raft-Grid interface 
and CVD – Si targets on the surface of the Grid to simplify the metrological setup during I&T.  

The final part of the Grid Development program is the manufacture and testing of a “Single Bay Grid” as 
a way of verifying the results of the Engineering and Manufacturing Study. This step is underway with 
delivery of a part in early 2011. 

13.4.1.1 Detailed Grid Features and Design: 
Figure 13-18 shows the top and side views of the Grid. 

 

Figure 13-18: Grid top and bottom views 

The basic design is an egg-crate like structure 180 mm thick that has 21 individual rectangular bays  
(each approximately 12cm x 12 cm) for the modular Raft-Towers and 4 triangular-like bays for the 
Corner-Raft Towers where typical wall thicknesses are ~8mm. The unloaded Grid (and flexures) weighs 
about 64 Kg.  The entire sensor assembly attached to the Grid surface adds ~ 75Kg to the weight.  As the 
wall thicknesses of the bays are small (to allow the largest possible fill factor for the Raft Tower  
mechanics and electronics and CCD focal plane), finite element analysis of the Grid structure indicated 
the need additional stiffening to prevent mechanical distortions due to the changing  gravity vector 
which would impact the focal plane alignment.  This was accomplished by adding a perimeter of cells 
which unlike the instrumented bays, are largely covered on the top and bottom with a SiC plate with a 
“hammerhead” – like joint. The plate has cutouts to allow access for the SiC fabrication steps, in 
particular the infusion of silicon to the backside of the Grid bay walls and outer-perimeter walls.  Access 
must also be available for subsequent sandblasting and removal of silicon scale and dust.   The 180mm 
high,~ 8 mm thick perimeter walls are however completely closed to provide stiffness. 



LSST Camera Conceptual Design Report 

 324 

The Grid is supported off the front flange of the camera Cryostat by three long flexures kinematically 
attached to bosses on the perimeter of the Grid (see Figure 13-19). 

 

Figure 13-19: Grid flexures with detail of the kinematic coupling to the Grid 

These flexures make up a ball and three V kinematic coupling allowing initial adjustment and 
subsequent reproducibility in the alignment of the Grid to the Cryostat.  The mating part of the coupling 
is a ball sitting in a SiC boss that is integral to the Grid itself.  Titanium is chosen for its stiffness and its 
relatively poor thermal conductivity.  This and the large thermal resistance of the kinematic coupling 
help reduce the heat load on the Grid.  

While each instrumented Grid bay is completely open on the top and bottom, each has a small number 
of additional features to interface with science and corner Raft Towers, the Cryostat and the Cryoplate.    

I. Each bay has three circular bosses (approximately 10 mm radius) at the top surface (closest 
to the CCD’s), which provide a mounting point and support for the Raft-Grid kinematic mount 
interface. These bosses stand proud of the otherwise rough machined Grid surface about 
1mm and are subsequently ground flat to lie in a common plane within ~2 μm across the 
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Grid.  The balance of the interface will be a ceramic ball and metallic cup which will mate 
with a SiC ceramic V-groove on the Raft plate.  

II. Each bay also has three thru holes on two walls (alternating walls) close to the top, to provide 
anchor points for thermal straps (which stretch down through the bay to the Cryoplate) for 
uniformly cooling the Grid (see Figure 13-20). Metal inserts will be bolted into these holes, 
and to avoid a high level of surface preparation/polish in the SiC, an intervening thermal 
transfer material will be incorporated between them and the ceramic.  

 

Figure 13-20: Thermal strap mounting 

III. Each bay also has two features at the bottom on opposing walls for mating with a cam-lock-
like device. That is a part of the mechanism for adjusting and providing a raft’s hold down 
tension to the Grid via a spring mechanism. The cam-surfaces that are a part of the Grid and 
that mate to the Raft mechanism will be separately machined metal pieces, bolted or glued 
into the Grid.  This will obviate the need for precise machining of the SiC and avoid 
developing high load / stress points on the ceramic itself during the insertion and tie-down of 
the Rafts.  

IV. Small reflective disks which serve as additional metrological / reference fiducials for the Grid 
surface have been added along each wall of a Grid bay.  These are necessary because during 
the integration of rafts onto the Grid, the balls and ball cups are slowly covered up.  The bare 
SiC surface cannot be used because it is not sufficiently reflective.   A circular recess 8 mm 
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diameter and 5mm deep has been machined into each wall.  Following the grinding of the Si-
Carbide surface for the ball-cup mounts, a SiC disk that has been Si coated via a CVD process 
(to make it reflective) will be dropped into each these recesses and epoxied into place. The 
surface of the disk lies just below the wall surface. 

V. Finally, the Grid will have a modest number of additional attachment points for thermal 
instrumentation.  

13.4.1.2 Structural and Thermal Analysis of the Grid: 
The Grid structure as described has undergone finite element analysis to improve its stiffness, and to 
avoid high stress regions in the ceramic.  It also allows us to determine the range of its distortions under 
load from the rafts and in all orientations with respect to gravity that it will be subjected to in operation.  
A thermal-mechanical analysis has also been performed. 

During integration of the rafts, the Grid will be pre-loaded with dummy masses simulating the real load 
of the rafts.  This operation is performed face down.   The maximum deflection (Z) of the Grid face when 
it is first loaded with rafts is less than ~0.8 μm.  This distortion will be removed during the initial 
metrological setup of the rafts by use of the ball and cups.  During integration these will be removed one 
by one as real rafts are loaded. 

In operation, the camera rotates from zenith to close to the horizon, placing the front of the focal plane 
in an almost vertical downlooking orientation.  It will also rotate about Z, +/-90 degrees, meaning either 
the X or Y axis of the grid may lie close to the vertical plane.  In practice, errors in image quality are 
dominated by the atmosphere within ~30 deg from the horizon. Figure 13-21 shows the peak to valley 
out of plane distortion of the face of the GRID at a 30º elevation from the horizontal due to gravity.  The 
subsequent maximum out of plane distortion of the raft surface is found to be ~210 nm. 

 

Figure 13-21: Grid distortion at 30 degrees 
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A preliminary thermal analysis of the Grid was performed including conduction through the flexures, 
cold straps, kinematic mounts, and modeling the radiation environment in the cryostat.  This was first 
done to optimize the temperature uniformity of the Grid by adjusting the placement of the straps, and 
subsequently to examine the effects of residual non-uniformities introduced by the Cryoplate.   By 
careful positioning of the two thermal straps in each Grid bay, and from bay to bay, it was possible to 
reduce lateral and longitudinal temperature gradients in the Grid to < 0.45 ºC even with the allowed 
variations in the Cryoplate temperature distribution itself (+/-2.5 degrees C).  A thermal-mechanical 
analysis was performed including the changes induced by conduction through the flexures, radiation on 
the perimeter and front face of the Grid, and conduction to and radiation from the Rafts.   Assuming a 
uniform temperature Cryoplate, the worst case Grid distortion itself amounts to only ~220 nm,   which 
leads to a maximum out of plane motion of the rafts of about 23nm after removing an average offset.  
Figure 13-22 shows a summary of the deviations across the Grid bays.). 

 

Figure 13-22: Thermally induced deviation of Raft surfaces from mean Z offset 

The same analysis was repeated with a non-uniform Cryoplate influencing the Grid temperature (see 
Figure 13-23). The additional Grid distortion remains in the 10 nm range and even with reduced cryogen 
flow, and/or missing circuits the distortion remains below 0.23 μm. It should be noted that in those 
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cases, the temperature gradients (+/-4.50 ºC) in the Grid are larger than acceptable for sensor QE 
requirements. 

 

Figure 13-23: Temperature distribution in the Grid 

13.4.1.3 Grid Development 
Development work on the Grid is in the final phase.  The Design and Manufacturing Study is now being 
verified by construction of an HB-CeSic unit designated the “Single Bay” Grid.  The Single Bay Grid (see 
Figure 13-24) is a full sized prototype containing a single grid bay surrounded by a structure similar to 
the perimeter of the real Grid. All the features of the Grid will be present in the prototype (raft 
kinematic mounts –ground coplanar), raft holddowns, thermal strap mounts, and CVD silicon metrology 
disks. 
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Figure 13-24: Single bay Grid 

The Single Bay Grid will be mounted in a test cryostat using prototypes of the Ti flexures which 
kinematically attach the Grid to the Cryostat (see Figure 13-25). 

 

Figure 13-25: Single bay Grid with Titanium flexure kinematic mounts, ball cups and metrology pucks 
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Thus it will allow the testing of the SiC fabrication process and subsequently all the mechanical, thermal, 
and metrological features of the Grid and Grid+Ti Flexures. Figure 13-26 shows the single bay Grid after 
arrival at SLAC.  

 

Figure 13-26: Single bay Grid after arrival at SLAC 

13.4.1.4 Grid Flexures (Interface to Cryostat Body) 
The Grid is supported off the front flange by three titanium Grid Flexures shown above in Figure 13-19. 
The three flexures of the coupling   are affixed to the top flange of the Cryostat, but remain electrically 
isolated from the body of the cryostat. The mating part of the coupling is a ball sitting in a SiC boss that 
is integral to the Grid itself. It is manufactured separately and then bonded into the Grid during Si-
infusion (see Figure 13-27). 

The SiC block will have a machined cavity that captures an Invar insert which in turn captures the ball, 
analogous to the Raft-Grid kinematic mounts.  The insert helps to reduce hoop stress directly on the 
ceramic.  Titanium is chosen for its stiffness and its relatively poor thermal conductivity (~22W/m·K).  It 
also has a relatively low thermal expansion coefficient (8.5x10-6 /K).  At operating temperature there is 
an ~ 116 ºC temperature drop across the flexure however the heat leak of each flexure is only about 1.4 
W because of the small area (thermal resistance) of the contact points.  
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Figure 13-27: Detail of the flexure kinematic mount 

Finite element analysis of the flexures carrying the loaded Grid (see Figure 13-28) shows that they are 
operating far from failure.  Finite element analysis also shows that the distortions of the Grid due to the 
flexures (inertial and thermal) are negligible and the rigid body motion of the Grid due to thermal 
shrinkage of the flexures will be < 1.6 μm. This motion is removed by shimming or by repositioning of 
the hexapod. 

 

Figure 13-28: Finite element analysis of flexures 
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Prototype Grid Flexures and SiC interface bosses have been fabricated for use with the Single Bay Grid 
(see Figure 13-29). The prototype flexures will first be tested to verify the finite element analysis.  The 
SiC boss samples (including the Invar inserts) are to be stress tested to failure. 

 

Figure 13-29: (a) Prototype flexures and (b) SiC grid bosses 

13.4.1.5 Grid Thermal Straps (Interface to Cryoplate) 
To reduce and control thermal distortion of the Grid (and hence motion of the rafts) a system of thermal 
straps tying it to the Cryoplate has been designed and modeled.  A thermal model of the Grid in the 
cryostat, including radiation and conduction to surrounding elements has been used to optimize the 
number and the arrangement of thermal straps   Analysis indicates that two strap within each Grid Bay 
are required. Figure 33 (Figure 13-30) shows that they are located on opposite faces of the bays, and 
tied close to the top of the Grid, and passing down two sides of the rafts, down to the Cryoplate. 

This arrangement provides the most uniform cooling of the Grid, with peak to valley variations of less 
than a few tenths of a degree C, assuming a uniformly cooled Cryoplate.  A more realistic model of the 
Cryoplate results in ~0.45 ºC variations in the Grid temperature (see Figure 13-23 above). 

The optimal thermal mechanical connection to the Grid itself came out of the Grid Manufacturing Study.  
Three unthreaded holes in the Si C Grid will be machined for each strap, and metallic threaded insert will 
be screwed in from both sides (see Figure 13-31) capturing the SiC between.  These inserts eliminate 
high stresses on the ceramic.  The straps themselves will be bolted into the three inserts, possibly with a 
medium to improve thermal conductivity of the joint.  Three threaded holes in the Cryoplate provide the 
thermal connection on the other end. 
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Figure 13-30: Grid showing location of thermal straps 

 

Figure 13-31: Detail of thermal strap connection 

Following tests of the uniformity, stability and reproducibility of these joints, it may be necessary to 
include trim heaters on the strap, to allow adjustments.  These makeup heaters may also be necessary 
to compensate for changes in the Raft front end electronics heat loads on the Grid, especially in the 
event of a Raft electronics failure. 
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13.4.1.6 Kinematic Mounts and Raft Hold down features (Interface to Rafts) 
The precision alignment of the Rafts and Grid during Raft Integration into the Grid is described in detail 
in Section 13.5. The concept that has been adopted shifts the need for the very highest precision 
fabrication from the Grid to the smaller parts, namely the ball and cups that make up the Raft to Grid 
kinematic interface.    

The Grid front surface will be fabricated flat to a few tens of microns during the initial machining phase 
and will remain so through the Si-Infusion phase.  The three circular protrusions in each bay where the 
ball cups mount stand proud of the surface by ~1mm.   After final silicon infusion, and sand blasting, the 
manufacturer will measure their heights across the Grid and then grind and measure them iteratively 
until they lie in a common plane with a peak to valley deviation of ~2 μm.  It is this residual error in the 
Grid plus any residual variation in the height of the sensors over the individual rafts that will be removed 
once they are measured, by the adjustment of the ball and cups on the Grid during the final integration 
step.  

The figure below shows details of the ball and cup design.  

 

Figure 13-32: Ball and cup design, including hold down 
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As can be seen, the ball-cup itself is mounted down to the precision ground boss on the Grid on its three 
feet, using a bolt and Bellevue tensioning washer, coming from behind, through the center of the boss.  
The Bellevue washer allows uniform tensioning of the joint – aiding in height reproducibility.  A sleeve in 
the hole provides the very tight lateral fit which improves reproducibility of the mating of the ball to the 
vee, and provides a means of separating the ball cup itself (for lapping adjustment).  A pair of spring clips 
retains each ball -- necessary because the Grid itself is loaded in the downward orientation.   The inside 
of the cone of each cup is relieved, making the ball sit on three smaller arced pads.  The bottom of the 
cup is similarly relieved to form the three pads that contact the Grid.  The part is sufficiently stiff to 
minimize the effect of variable loads, improving the reproducibility of the two joints under load.  All of 
these parts can be suitably fabricated on a screw machine and finished on a numerically controlled mill.  

The two final height adjustments of the kinematic mount are embodied in the ball dimension itself and 
the detailed design of the cup and clip.  The first fine (tenths of a micron) adjustment comes from 
procurement and selection of the ball – diameter (pre-measuring and sorting) and the second more 
custom adjustment (tens of nanometers) comes from the ability to remove and lap the height of the cup 
itself.  Since the cup, the ball and the hold down features are separable, the cup itself can be removed 
and lapping accomplished on an off-the-shelf lapping machine.  This is particularly important because 
lapping is a time consuming operation. While the clip allows the ball to be removed and replaced for this 
operation, it also allows the top of the ball to be visible for metrological inspection when the ball cup 
subassembly is in its measuring device and when it is in place on the Grid. 

13.4.2 Cryoplate, Cryoplate Flexures and Shrouds 
The Cryoplate provides: 

I. Mechanical support for the Raft front end electronics and Raft housing 
II. Uniform Cooling for the front end electronics and the sensors 
III. Mechanical support and passive cooling for picture frame and perimeter shrouds, and 

the passive cooling of the Grid via the Grid straps 
IV. Mechanical support and cooling of the two pumping chimneys  

The dual role as a mechanical element and a thermal element has lead to a hybrid design as a copper 
and stainless steel sandwich.  The copper provides good thermal conductivity while the stainless steel 
rigidizes the structure. Its poor thermal conductivity reduces heat leaks where it is supported off four 
flexures to the Cryostat walls.  An ancillary function is that the copper plane serves as the common 
reference ground for the electronics. 

13.4.2.1 Design of the Cryoplate 
The design of the Cryoplate is shown in Figure 13-33. 

The Cryoplate assembly weighs about 110 kg, and supports the science and corner raft electronics and 
housings which weigh approximately 200kg.  The copper cryo-plate is ~1 cm thick, while the stainless 
support frame is ~2cm thick.  The copper plate is approximately circular with rectangular (triangular) 
cutouts that match the pattern in the Grid, thereby allowing the mechanical and thermal attachment of 
the 21 science rafts (and 4 corner rafts) to its ribs, and the passage of their connectors and ribbon cables 
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(12 cables/raft – containing 720 conductors) through the cutouts to the RCC electronics at the back of 
the Cryostat.  

 

Figure 13-33: The Cryoplate 

The copper plate is attached to the top of the rectangular stainless steel support frame (see Figure 37) 
which stiffens it and attaches to the walls of the cryostat via four flexures.  The frame is very simple, 
having just four internal ribs which traverse the central area in one direction, without obscuring access 
to the rectangular cutouts in the copper plate.  

Around the perimeter on two sides of the copper plate, are three rectangular cutouts for the two 
pumping chimneys which provide the high conductance pumping path to the focal plane.  The sheet 
metal chimneys are attached to the Cryoplate itself and become cold.  Along the perimeter on the two 
orthogonal sides of the plate are the 6 inlets and 6 outlets for the refrigerant.  Each pair is connected to 
one Heat Exchanger module located in the Utility Trunk and on the ground in the Utility Room. The 
refrigerant flows in six rectangular channels milled into the top of the copper plate, running 
perpendicular to the stainless steel web underneath. These six channels have an inlet on one side and an 
outlet on the opposing side and run along the ribs between the rows of raft bays (see Figure 13-34). 
Each loop is fed by a single counterflow heat exchanger /refrigerator circuit in the Utility Trunk. 
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Figure 13-34: Cryoplate cooling loop paths 

The thermal connection of the rafts themselves to the Cryoplate is made along the copper ribs running 
orthogonal to these channels (parallel to the stainless steel supports) (see Figure 13-35).  While it is 
possible to alternate from row to row the direction of flow in the cooling channels, providing some 
counterflow action, this has not been incorporated because the temperature of the refrigerant is not 
expected to change significantly across the plate. 

 

Figure 13-35: Underside of Cryoplate, detail of attachment of Raft to Cryoplate 
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Within each bay, there is an additional pair of connections to the two Grid cooling straps. Heat removed 
through these straps is significantly smaller than the process heat of the electronics and the IR load on 
the focal plane. 

To insure that the cryogen cannot leak into the cryostat vacuum, the channels in the Cryoplate are 
stepped as shown in Figure 13-36 to form an upper and a lower channel. 

 

Figure 13-36: Cutaway of the channels in the Cryoplate and cryogen connections 

The lower channel carries the cryogen and is closed by a rectangular copper lid which is furnace brazed.  
The top channel is also closed with a cover of copper which is brazed as well.  In this fashion, a cryogen 
leak caused by a braised joint failure of the lid will only be able to leak into the upper channel, which will 
be pumped and monitored continuously.  At the entrance and exit of cryogen lines, the upper channel is 
connected to a cylindrical feature that captures the joint and provides protection from leakage there as 
well.  All other connections of cryogen lines in the cryostat vacuum space to the Cryoplate will be pre- 
brazed or welded.  These will be seamless stainless steel tubing and the final connections will be made 
by a single field weld of the pre-tested bayonette feedthrough to the rear flange.  The stainless steel 
support frame is sufficiently stiff to obviate any significant forces on the braise joints, and hence reduce 
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the chance of a failure. A prototype of the system will be pressure and thermal shock tested to failure to 
verify the safety factor. 

Mechanical and Thermal Analysis of the Cryoplate and Flexures 

A preliminary mechanical stress analysis of the Cryoplate suggests that it is suitably stiff to carry the 
loading of the rafts (in all orientations) without introducing any stresses in the copper Cryoplate and its 
braise joints. The flexures as well are adequate for transfer of loads to the cryostat body in all 
orientations and handle the differential contraction and expansion between the cold plate and the 
warm cryostat body.   Preliminary thermal analysis of the Cryoplate design suggests that it should be 
able to provide the required +/-2.5 ºC uniformity in temperature assuming the expected heat loads from 
the rafts, the Grid straps, support flexures and the perimeter and picture frame Cryoshrouds.  These 
temperature variations in the Cryoplate translate into temperature gradients in the Grid less than 0.45 
0C. 

13.4.2.2 The Cryoshroud Design 
The copper Cryoplate plate also supports and cools the perimeter Cryoshroud which extends around the 
Grid and up to the focal plane. 

The shroud will be fabricated from copper sheet and nickel or otherwise plated to reduce its emissivity 
and therefore the radiation load.  It is attached to the top of the copper Cryoplate all around the 
perimeter.  At the top of the Cryoshroud, the picture frame shroud which covers the edges of the Grid, is 
attached as well.  Provision is made for passage of the Grid flexures (cutouts).  The Cryoshroud is also 
critical in defining the pumping path and isolation of the clean vacuum region. 

13.4.3 Coldplate, Coldplate Flexures and Shrouds 
The Coldplate provides:  

1. Mechanical support for the Raft Back end electronics comprising the Raft Control Crates 
(RCC)  

2. Uniform Cooling for the RCC’s 

The dual role as a mechanical element and a thermal element has lead as well to a hybrid design as a 
copper and stainless steel sandwich.  The copper provides good thermal conductivity while the stainless 
steel rigidizes the structure. Its poor thermal conductivity reduces heat leaks where it is supported off 
the same four flexures as the Cryoplate, to the Cryostat walls.  An ancillary function is that it serves as 
the common reference ground for the electronics. 

13.4.3.1 Design of the Coldplate 
The design of the Coldplate is shown in Figure 13-37. 
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Figure 13-37: Views of the Coldplate: (a) Top, (b) Bottom 

The Coldplate assembly weighs about 74 kg, and supports the science and corner raft back-end 
electronics and housings (RCC) which weigh approximately 40kg.  The sandwich is reversed in the case of 
the Coldplate, with the stainless support structure on top (facing the Cryoplate), and the copper 
conductor plate on the bottom.  The copper plate is ~2 cm thick, while the stainless support frame can 
be ~1cm thick (having to carry a lighter load than the Cryoplate).  The copper plate and the stainless 
plate are both rectangular with rectangular (triangular) cutouts matching the pattern in the Grid, 
thereby allowing the mechanical and thermal attachment of the 21 science raft RCC (and 4 corner rafts 
RCC) to its ribs, and the passage of their connectors and ribbon cables through the cutouts up to the 
Raft Towers mounted on the Cryoplate.   

On the copper underside, additional stainless steel stiffening pieces run in one direction, to make the 
web more of an “I-beam.” In the orthogonal direction, the copper plate is stiffened by the thermal bolt-
down of the RCC housing (see Figure 13-38).  

(a)

(b)
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Figure 13-38: Bolt down of an RCC from underside of the Coldplate 

The pumping chimneys pass on two sides of the copper plate, while the 3 inlets and 3 outlets for the 
refrigerant are located on the perimeter of one of the orthogonal sides.  Three circuits are formed in the 
Coldplate to cool five rows of RCC (see Figure 13-39). 

The fluid is routed in a loop on two sides of each row of RCC.   This provides more uniform cooling of 
each row, by counterflowing cold and warmer fluid.  As in the case of the Cryoplate, the refrigerant 
flows in rectangular channels milled into the copper plate (on the topside of the plate which contacts 
the stainless steel stiffening plate). These 3 loops have inlets and outlets on one side so they can be tied 
into a single 6 tube cryo-feedthrough.  Fluid is fed by and returned to two counterflow heat exchangers 
in the Utility Trunk and to the compressors on the ground. These will be manifolded together and then 
branched into the three supply and three return lines.   The protection from leaks into the cryostat is the 
same as for the Cryoplate. A second channel and a cylindrical cup at each entrance/exit point captures 
leakage in the channels or at the connections into and out of the plate. 

All other connections of cryogen lines in the vacuum space to the Coldplate will be brazed or welded.  
These will be seamless stainless steel tubing and the final connections will be made by field welds of the 
feedthrough to the annular flange.  The stainless steel support frame and the additional stiffeners on the 
underside is sufficiently stiff to obviate any significant forces on the braise joints, and hence reduce the 
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chance of a failure. A prototype of the system will be pressure and thermal shock tested to failure to 
verify the safety factor. 

 

Figure 13-39: Circuits formed in the Coldplate to cool five rows of RCC 

Analysis of the Cold Plate 

A preliminary mechanical stress analysis of the Coldplate suggests that it is suitably stiff to carry the 
loading of the RCC (in all orientations) without introducing any stresses in copper plate and its braise 
joints. The flexures as well are adequate for transfer of loads to the cryostat body in all orientations and 
will compensate for stresses on the Coldplate during cooldown.   Preliminary thermal analysis of the 
Coldplate design suggests that it should be able to provide the required +/-2  degree uniformity in 
temperature assuming the expected heat loads from the RCC and flexures.  

13.4.3.2 Cold Shrouds 
Surrounding the Coldplate and the RCC modules is a multilayer insulation (MLI) radiation shield. It is 
supported off the chimneys (see Figure 13-40). It reduces the radiation load from the walls of the 
cryostat to the Coldplate and the RCC.  This shield will likely be made of a stainless sheet with nickel or 
other low emissivity coating, and/or possibly wrapped with super-insulation. 
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Figure 13-40: Support of the MLI shield 

13.4.4 Vacuum and Purge Systems 
As indicated earlier the cryostat vacuum is maintained locally by the two Turbomolecular pumps 
mounted on the octagonal “pumping plate” at the rear of the cryostat, and the passive getter pumps 
located within the cryostat itself. 

13.4.4.1 Active Pumping and Instrumentation System 
Figure 13-41 shows a detail of the layout of the cryostat vacuum components of the rear octagonal 
“pump plate.” 
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Figure 13-41: Detail of pump plate 

This will include two 85 L/sec Varian V81M turbomolecular pumps – which sit on 4 ½ flanges with a fine 
mesh screens to prevent particulates from entering the pumps.  Each pump will have vibration isolation 
flange (<0.01μm motion) and a pneumatically operated 4.5” gate valve allowing it to be isolated from 
the cryostat vacuum when necessary.  The gate valves (and all valves in the system) will have all metal 
seals allowing higher temperature initial bakeout.    The TMPs are backed by an oil free scroll pump 
which is located close by on a manifold and isolatable by a pneumatic valve from either TMP.  As shown 
in Figure 13-42, one TMP sitting in the center pumps via the plenum, through the chimneys to the clean 
focal plane region while the other is offset to the edge of the flange and pumps the balance of the 
cryostat.  The conductance of the chimneys is estimated to be 130 L/sec.  An additional right angle valve 
on the pump-platewill be used for additional vacuum servicing (initial pumpdown, purge/clean, purge 
gas outlet, etc.) and a smaller valve is provided for introducing the clean/dry purge system gas. 
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Figure 13-42: Pumping plenum and chimneys 

The outer annular ring of the back flange will be aluminum, but the octagonal pump plate flange is 
fabricated from stainless steel to make it more compact and improve reliability and ease of attachment 
of vacuum components.  Instrumentation on the pump plate includes:  

I. a high vacuum cold cathode magnetron gauge,  
II.  two thermocouple gauges (Varian Convector),  
III. an MDC rupture disk , 
IV. a residual gas analyzer head (0-200 AMU) (SRS200 RGA).     

The convector gauges provide control for the TMP’s and also monitoring of the vacuum at the start of 
pumpdown. The magnetron gauge is suitable for monitoring high vacuum regime.  The RGA provides 
continuous feedback on the partial pressures of all molecular species within the cryostat vacuum up to 
200AMU once the pressure is sufficiently low.  As such it will provide early warning of small leaks, 
outgassing of unsuitable materials, and aid in isolation of vacuum problems, as an on-board leak 
detector.  
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Throughout the rest of the system, convector gauges are used to monitor pressures.  All valves will for 
the most part be pneumatically operated – with electrical solenoid control.  Power supplies and vacuum 
instrumentation readout and interfaces will reside in the Utility Trunk.  

13.4.4.2 Passive Pumping Systems 
A number of getters – both evaporable and non-evaporable have been tested in the Material Test 
Facility and their pumping speed per gram of getter for various molecules and at various temperatures 
has been measured.  Table 13-4 shows a summary of the getters tested so far.  

Table 13-4: Properties of getters – measure through 0.2 μm mesh 

H2 H2O N2 CO2

Activated Charcoal GC 4x8 
Mesh at 200 C

33 7 13 3

Zeolyte 3A Pelletized 
Hengye Corp. 
(warm/cold/regenerated)

87 10 70 14

     
Zeolyte 4A   2 to 4 micron 
Powder Hengye Corp. 
(warm/cold/regenerated)

121 68 54 25

Species 
x 10-8 Torr-Liter/Sec/gram

104 23 30 12
Activated Charcoal GC 4x8 
Mesh at -1000C

 

Activated Charcoal Pumps 

Each chimney leading to the focal plane region will contain an activated charcoal getter pump 
comprising about ~1 kg of charcoal.  The region is shown in detail in Figure 13-43. 
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Figure 13-43: Region where activated charcoal pump will reside 

It is difficult to estimate the residual outgassing load (nor the specific molecular species) from the rear of 
the cryostat through the chimneys.   The charcoal pumps will be constructed to have as large as possible 
a surface area (a few hundred cm2).  Activated coconut charcoal has been chosen for this region 
because it does not need to be accessed for regeneration and it is relatively easy to cool it down in that 
location by tying it to the chimneys.   The broad spectrum of gettering is also appropriate.  When the 
system is warmed up it will outgas whatever it has absorbed when cold, and this can be effectively 
pumped out by the TMP at the rear of the cryostat.   

The pump itself will be composed of a rectangular housing (copper or aluminum) about 20cm x 20cm x 
0.25 to 0.5cm thick.  The front and back faces are closed with a 50 μm stainless steel mesh which is 
bonded onto the housing with a vacuum and temperature rated epoxy such as Masterbond 
Supreme10AOHT-LO which is rated as a very low outgassing epoxy, bakeable up to 200C, and suitable at 
low temperatures.

1 and 

2 The mesh provides mechanical protection for the charcoal canisters within. The 
activated coconut charcoal powder (8 x 12 mesh) itself is enclosed in copper canisters with large 
windows, closed with 0.2 μm silver crystal mesh bonded with Dynaloy silver vacuum epoxy,

                                                             
2 Both the Masterbond and Dynaloy epoxies have been tested in the Material Test Facility and found 
suitable for use in the high vacuum system and suitable for use in the regeneration system. 
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bakeable up to 175 0C.  A test has shown that the mesh is sufficiently fine that there is no indication of 
charcoal dust exiting it and it has a large enough mesh /open area fraction so as not to impede 
molecular flow through it.  These canisters will be tied thermally to the larger housing which w ill be 
tied to the Cryoplate to ensure that the charcoal temperature is around -100 ºC, allowing suitable 
gettering. 

Molecular Sieve Pumps 

Estimates of the plateued outgassing rate for water vapor in the cryostat focal plane region, suggest that 
0.1 to 1Kg of 3A and 4A molecular sieve (powder) will reduce the residual outgassing of water vapor to 
<<10-8 Torr L/sec. As it would be difficult to cool activated charcoal in the focal plane region without 
influencing the temperature distribution of L3 and the focal plane itself, a non-evaporable getter such as 
3A or 4A molecular sieve powder or pellets has been chosen for passive pumping.  Unlike activated 
charcoal, the performance of these getters show little or no temperature dependence, but do require 
regeneration at high temperature 200 ºC or higher, when they are loaded up.  

A system comprising two long pumps in the focal plane region has been designed. Figure 13-44 shows a 
concept for this system. The containers are each 56cm long, 3.8cm wide and 1.6cm high. The two long 
containers each carry about 1 kg of getter material, and sit on rails just in front of the focal plane itself.   
The long pumps can be removed from the cryostat and regenerated in the Camera Maintenance facility 
on the summit, without breaking the cryostat vacuum, however the cryostat itself needs to be removed 
from the Camera Body to do so. 
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Figure 13-44: Non-evaporable getter system 

As in the charcoal system, the molecular sieve getter itself is packaged in small subhousings with 0.2 μm 
silver mesh seals, attached with epoxy.  This eliminates the possibility of dusting onto the focal plane.  
These packages are inserted into the long girder like frame of the pump, which is made of stainless steel.  
The outer windows themselves are closed with the 50 μm stainless steel mesh to protect he delicate 
sieve packets.  The steel mesh may be tack welded in place. 

The two pumps themselves are removable from the cryostat in the Maintenance Facility without 
breaking the cryostat vacuum.  The camera is transported to the facility and the cryostat removed from 
the camera body and rotated so the pumps lie in the vertical.  The regeneration system arm is then 
attached to the outside of the cryostat (see Figure 13-45). 
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Figure 13-45: Regeneration system 

The side window port is opened, and the access port unbolted through the “hatch” and then the system 
is closed and pumped down. When evacuated, the access port can be opened, and the sieve pump 
extracted through it by a magnetic linear actuator into the regeneration portion of the arm. There it is 
isolated and heated radiantly to ~200ºC, while being pumped.   After cooling, it is re-inserted by 
reversing the process.  The vacuum system for regeneration is distinct from the Camera itself (it is part 
of the Maintenance Facility), and contains an RGA to guarantee that no contaminants are present before 
or after regeneration and re-insertion of the getters. 

13.4.5 Cryostat Refrigeration System 

13.4.5.1 Motivation  
Perhaps the most unique and challenging aspect of the cryostat design is the presence of a significant 
amount of analog and digital electronics within the vacuum space housing the cold CCD sensors.   The 
electronics represent a large source of process heat which must be removed through the Cryo and 
Coldplates providing ~570W and 400W of cooling at -130ºC and -40ºC, respectively.    While refrigeration 
of the cold plate can be achieved rather easily using conventional refrigerants such as R507 and a heat 
exchanger, a trade study was done to evaluate options for providing the cryogenic cooling regime (-
130ºC) required for the Cryoplate.   
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This has resulted in the adoption of a technology based on “mixed-refrigerants” developed by Micro 
Miniature Refrigeration, Inc. (MMR), of Mountain View, CA.  LSST will utilize a specific mixed refrigerant 
system for which MMR holds patents.   The LSST Cryoplate cooling system will be composed of a set of 
parallel refrigeration circuits wherein each circuit represents just a modest extension of an existing 
MMR product which produces 30 W of cooling at 77K. To eliminate the need for cryogenic pumps 
moving liquid/vapor through vacuum insulated metal transfer lines, the warm and cold components of 
the refrigeration systems are separated. Compression of the vapor occurs on the ground in the Utility 
Room, and the Joule – Thompson expansion cooling takes place in the camera itself, close to the 
Cryoplate.   

13.4.5.2 Detailed Description of the LSST Mixed Refrigerant System 

Cryoplate Refrigeration System 

The LSST Cryoplate refrigeration will be accomplished by a set of 6 parallel refrigerators, each having a 
heat removal capacity of >100 W at -130ºC.  A schematic for one of these ~100 W mixed – refrigerant 
circuits is shown in Figure 13-46. 

 

Figure 13-46: Schematic of mixed refrigerant system 
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Each circuit of the system works as follows.  On the ground, in the Utility Room, a proprietary non-
flammable seven-component mixture (designated LSST43) of refrigerant vapor is first compressed  by an  
off-the shelf commercial hermetically sealed compressor (Danfoss Model SC18G,  18cc displacement, 
500 W.4). The output of the compressor is a mixture of hot vapor   which is contaminated with 
compressor lubricating oil.  A cyclonic – oil separator removes a substantial portion of the oil and returns 
it to the compressor.  

The hot mixture is next cooled to ambient temperature by a water-cooled heat exchanger.  It is then 
separated into vapor and liquid by a fractionating column, which is water-cooled at the top.  The 
fractionating column provides a critical “self cleaning” function, separating refrigerant into oil-rich liquid 
and oil-free vapor so it will not freeze and clog the downstream expansion capillaries when it ultimately 
reaches cryogenic operating temperature. The fractionating column concentrates the residual dissolved 
oil in the liquid phase stream. This liquid stream is used to refrigerate the warmer upper stage of the low 
temperature heat exchanger on the camera. Figure 13-47 shows the prototype chassis for a single circuit 
being developed at MMR. 

 

Figure 13-47: Prototype chassis holding compressor, oil separator, fractionating column at MMR lab 

                                                             
3 Designated “LSST4,” is a mixture that contains Nitrogen, Argon, R14 (Tetrafluoromethane), 
R143 (Trifluoroethane), R134a (Tetrafluoroethane), R123 (Dichloro-trifluoroethane). Variations 
of this mixture are also being investigated. 
 
4 A somewhat larger compressor (SC26G) will be used on the summit at 50Hz. 
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The~ 100 m long liquid and gas supply lines travel up to the camera at high pressure (350 psia in 1/8” OD 
and 3/8” OD).  These small lines being close to ambient temperature do not require thermal insulation 
making it simpler (in comparison to vacuum insulated transfer lines) to climb the 30m elevation while 
flexible hose bridges the altitude and azimuthal rotations of the telescope, enroute to the camera . 

The liquid and gas supply lines enter the rear of the camera in the back of the Utility Trunk where there 
are disconnect valves at the vacuum insulated Heat Exchanger module.  The Heat Exchanger module 
contains the set of counter flow heat exchangers (CFHEX) for both the Cryoplate system and cold plate 
system. There are eight in total, 6 for the Cryoplate and 2 for the cold plate, sharing a common 
insulating vacuum housing that is 55cm long and 65cm diameter.  Three 8cm diameter pipes extend the 
vacuum housing 1.1 m through the Utility trunk, to the rear of the cryostat. These pipes carry the 
cryogenic supply and return lines that enter and exit the cryostat.  This insulating vacuum system is 
completely separate from the Cryostat vacuum system. 

A cross section of the heat exchanger is shown in Figure 13-48. 

 

Figure 13-48: Cross section of counterflow heat exchanger 

The heat exchanger is comprised of an inner high pressure supply line with a twisted heat transfer fin 
along its length, within a larger copper jacket which forms the vapor return line. Near the front of the 
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heat exchanger the incoming high-pressure liquid undergoes Joule-Thompson expansion in a short (~2 m 
long, 0.05 cm id) capillary and then evaporates into the low pressure (35 psia) vapor return line. This 
expansion and evaporation pre-cools the incoming high pressure gas, at temperatures above the 
freezing point of any dissolved oil. 

In the balance of the heat exchanger, the pre-cooled high pressure incoming gas is further cooled by 
exchanging remaining heat with the outgoing low temperature and low pressure vapor returning from 
the Cryoplate.  At the cold end of the counterflow heat exchanger it undergoes Joule-Thompson 
expansion into a 1 meter long 0.05 cm id capillary where the final mixture of gas and liquid is at the 
required temperature of ~-130ºC.  A prototype of the counterflow heat exchanger is shown in Figure 13-
49. 

 

Figure 13-49: Prototype of counterflow heat exchanger 

The cold liquid/vapor mixture is transported ~1 m through the Utility Trunk into the cryostat by super-
insulated lines under insulating vacuum. It enters the cryostat vacuum through a bayonet-like 
feedthrough and then through shorter lines into one of six parallel channels in the Cryoplate where it 
removes heat from the Cryoplate by vaporization.  he now cold and low pressure mixture exits the 
channel in the Cryoplate and rear of the cryostat through another bayonet feedthrough and returns 
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back to the Heat Exchanger module vacuum, through the Utility Trunk, arriving at the end of the counter 
flow heat exchanger.  After extracting heat from the incoming gas (as previously described), it exits the 
Heat Exchanger Module vacuum, and the camera, and returns to the ground in a ¾” OD line at near 
ambient temperature and at low pressure (35 psia).   

Description of the LSST Cold Plate Refrigerant System 

A similar system is used to cool the cold plate.  There, because of the higher operating temperature, a 
conventional single refrigerant such as R507 is sufficient to extract the ~400 W of process heat at -40 ºC.  
The cold plate refrigeration system will require two identical parallel circuits, each feeding a manifold 
with three supply and three return lines going out into the cryostat and cold plate.  As in the cryogenic 
system, the two compressors will be located in the Utility Room and the two counterflow heat 
exchangers will be in the Heat Exchanger Module, at the back of the Utility Trunk. 

13.4.5.3 Control and Operations of the Refrigerant Systems 
Each circuit in the system will reach its equilibrium operating temperature in ~5 hours based on early 
prototype tests at MMR.  The actual time constant of the fully deployed system with the Cryoplate mass 
and electronics heat loads has not been estimated yet, however the system is being designed to be 
effectively “free running” reaching the desired operating temperature just below the optimum heat 
extraction efficiency point.  The performance of the system is largely “engineered in” by selection of the 
gas/liquid mixture, the operating pressure and the detailed design of the counterflow heat exchanger.  
The simplest temperature control for the Cryoplate that can be incorporated will be the adjustment of 
the refrigerant mass flow by adjustment of the compressor RPM in each individual circuit.  This would be 
part of a feedback loop with temperature input from sensors on each circuit in the Cryo or Coldplates.  
The RPM is adjusted by changing the AC frequency using a commercially available controller on each 
compressor.  

13.4.5.4 Risks and Failure Modes of Mixed Refrigerant Systems 
The refrigerant system contains no flammable or toxic materials however it does flow into and out of a 
clean vacuum space (the Cryostat) and therefore must be contained completely against leaks into the 
Cryostat vacuum system.  All joints in the Cryostat are welded or brazed, and in all cases within the 
cryostat vacuum there is provision for secondary containment, in event of a leak.  The issue of leaks into 
the Cryostat vacuum is described in greater detail in the Cryoplate design section and the Cryostat 
feedthrough section.   

As the Cryostat must be installed and removed from the camera body periodically, provision is made for 
venting, sealing and disconnecting long refrigerant lines, and for remaking these connections without 
introducing foreign contaminants into them.  All demountable connections of cold refrigerant lines 
within the Refrigeration system are made within its own insulating vacuum space, which itself is not 
connected to the Cryostat vacuum.  Any leaks within this system will be contained within it and detected 
by instrumentation in the Refrigerant Vacuum system.   

A significant amount of operational experience with similar mixed refrigerant systems has been logged 
in the field by MMR. Their technology is used in LN2 refrigerated radiation detectors, deployed for 
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example in 1000’s of sites worldwide to monitor compliance with the Nuclear Test Ban Treaty.  As a 
result of this large sample population and enormous number of integrated running hours, the mixed 
refrigerant systems similar to the LSST system have been found to have only one significant operational 
failure mode after infant mortality issues are resolved.  The failure is associated with the self-cleaning 
feature of the circuit, wherein a small amount of oil makes its way into the vapor circuit and freezes out, 
slowly plating the expansion orifice over time, and eventually plugging the line.   The refrigerators are 
observed to be “self healing,” warming up as a result of the plugging, and subsequently flushing the 
frozen oil away.  In LSST, periodic warming up of the system for other routine maintenance will probably 
serve the same function, resulting in reliable highly efficient operation. 

The prototype program will determine the exact amount of cooling capacity that the refrigerators can 
provide.  In the design, the minimum required capacity is sufficient for 6 refrigerators to provide the 
total required capacity of ~580 W.  We are anticipating however that the capacity of each parallel circuit 
will actually lie somewhere between 100 and 140 W, providing some headroom. Should the prototypes 
prove to have a capacity of >115W, the system would be able to run on 5 of the 6 circuits without 
interruption, should one circuit fail. 

13.4.5.5 Status and Implementation in LSST 
The mixed – refrigerant system described above has been in a prototype phase since early 2010. It is 
part of a contract with MMR to develop a single module that meets the requirements for LSST.   

As of the end of 2010, the prototype using the final SG18C compressor has achieved a cooling capacity 
of  ~100W at -130 ºC.  This required removal of R134a from the standard LSST mixture (a 5% component 
of R404a) and replacement of it with other refrigerants (C2 and C3).  R134a is a less well understood 
refrigerant and was suspected of freezing at the lowest temperatures. Figure 13-50 shows a typical 
curve for cooling capacity versus temperature, using one of the early refrigerant mixtures. 
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Figure 13-50: Prototype refrigerator performance 

MMR is currently working to optimize the refrigerant and the heat exchanger dimensions and 
anticipates that a few tens of Watts additional capability for each circuit will be achieved.  In addition, a 
newer higher capacity (26cc) hermetically sealed compressor (SG26C) is also now available from Danfoss 
and will be implemented in the baseline design.  

A new prototype refrigerator will be moved to SLAC in 2011 and used to explore issues of long term 
reliability and to gain operational experience with long lines. It will also be used to study the issue of 
thermal stability and control by attaching it to a four-bay mockup of the Cryoplate and its actual thermal 
loads. This test will also verify that the elevation (creating an additional pressure head) and orientation 
of the Cryoplate does not introduce changes in the refrigerator performance.   

The next phase of development will be the construction of a full 6 circuit refrigerator, which will be the 
full scale prototype for the final system on the summit and in the camera.  This system will provide 
operational experience with the actual system, allowing us to develop operating and servicing 
procedures in advance of first light.   It is expected that this system will be used during camera assembly 
and testing in the light assembly building (Building 33) for I&T of the cryostat and then the entire 
camera. If this is not significantly different from the final version of the unit built for the camera, it may 
be moved subsequently to the summit, to be used in the camera maintenance facility.  Finally, 
refrigerant mixing and monitoring is critical to the performance of the system.  While it would be ideal 
to have gas mixing hardware at the Summit, the cost appears prohibitive.  The current plan is to have 
sufficient pre-mixed, pre-tested, and pre-certified refrigerant available to accommodate expected losses 
during routine camera servicing.   
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13.4.6 Feedthrough Flange Assembly, Feedthroughs, and Signal Routing 
As described earlier, the rear flange of the Cryostat is composed of an annular ring which contains 
signal, power and cryogenic feedthroughs, and a separate octagonal central plate that contains the 
vacuum instrumentation.  The annular ring is tested and installed prior to Raft integration, while the 
central vacuum flange is installed at the end of integration. Cable routing proceeds at several phases of 
the integration. Figure 13-51 shows layout of the feedthrough ring. 

 

Figure 13-51: Layout of the annular ring, top and bottom 

13.4.6.1 Mechanical Description of Feedthrough Flange and Penetrations 

Signal Feedthroughs 

The annular ring itself supports a set of 13 smaller flanges or “flangelets” each of which contains 2 
custom high density signal and/or instrumentation feedthroughs.  The flangelets are fabricated and 
tested in advance and mount with double O-rings to the annular flange.   A pumpout between the O-
rings is provided.  

Each flangelet will accommodate three Science rafts or one Corner raft.  One of the high density signal 
feedthroughs on each flangelet carries co-axial lines and the other carries twisted pair or ribbon 
conductors.  As each RCC has four coaxial cables which go to the SDS and four twisted pair cables going 
to the TCM (Timing and Control Module). In addition there are approximately eight power wires.  Thus 
twelve coaxial lines will go through one custom feedthrough and 16 twisted pair cables plus power lines 
goes through the second custom feedthrough on each flangelet.   
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This arrangement works well for cable routing at the rear of the cryostat.  With this organization 7 
flangelets service 21 rafts and 4 service the corner rafts, leaving 2 flangelets (four custom high density 
connectors) for cryostat temperature sensors and make up heaters. 

At least one company, Douglas Corporation has been identified for custom feedthrough fabrication.  To 
make these high vacuum quality feedthroughs by their process, each wire is individually stripped and 
the conductor passivated and then  “potted” into an insulating epoxy core which in turn is potted into 
the metal body of the feedthrough. The metal body contains features for the connector and has an 
additional double O-ring vacuum seal for mounting it into each flangelet.  Prototypes of these potted 
feedthroughs have been tested for suitable electrical (transmission) properties and found suitable.  The 
epoxy as well has been tested and qualified for high vacuum use in our Material Test Facility.    As Rafts 
are integrated, these cables from the RCC to the appropriate feedthrough are dressed, strain relieved, 
connected and tested.   

When the final electronics design is completed, a prototype program will be started to test a prototype 
version of the actual feedthrough.  A large quantity of feedthroughs will be fabricated and tested for 
vacuum integrity, thermal issues, reliability of connections, and to understand potential failure modes. 

Cryogenic Feedthroughs 

The annular ring also contains three bayonette-like vacuum feedthroughs each with six 0.5cm diameter 
fluid lines running through it. These feedthroughs reside within the cryostat on the sides orthogonal to 
the pumping plenums.  Figure 13-52 shows details of the bayonette feedthrough.  One of these 
feedthroughs carries the 6 cryogen supply lines into the cryostat for cooling the Cryoplate.  One is used 
for the 6 cryogenic return lines from the Cryoplate.  These two are naturally located on the opposing 
sides of the feedthrough ring. An additional bayonette-like feedthrough carries three supply lines and 
three return lines for the Coldplate.  This feedthrough is located adjacent to the Cryoplate supply 
feedthrough.    
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Figure 13-52: Detail of a cryogenic feedthrough and the annular flange 

As indicated in the figure, the feedthoughs themselves are comprised of two large diameter tubes with 
large flanges on each. On the outside of the cryostat vacuum (but inside the refrigeration system 
vacuum), the tubes are braised into a thick ceramic break which isolates the cryostat ground from the 
Cryoplate ground.  This avoids a leak in this joint from contaminating the cryostat vacuum. They pass 
through another ceramic plate inside the cryostat itself, which reduces the heat leak.  It is brazed into 
the tube that makes up the long vacuum wall of the feedthrough. They enter the cryostat at the end of 
the stainless steel bayonette.   This arrangement guarantees a long and high resistance heat path to the 
wall of the cryostat, and vacuum insulation on both sides of the tubes.   

The sequence of the assembly of the cryogenic connections is as follows:  The Cryoplate is installed with 
the tubes and the inner shell of the feedthrough pre- attached and tested.  The annular flange is brought 
up and attached to the cryostat. The feedthrough outer shell is slipped over the tubes and the inner 
shell.  Two field welds (see Figure 13-53) are then made up on the flanges on both the tubes. 
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Figure 13-53: Cryogenic bayonette feedthrough weld detail 

 The other side of the larger outer flange has an o-ring groove that mates to the long vacuum pipe which 
passes through the utility trunk to the Heat Exchanger modules, sharing their vacuum.  That pipe 
provides the supply and return lines a vacuum insulated environment.  The mating connections in the 
pipe are made up, and then the pipe is slid over when the cover of the Heat Exchanger Module is 
installed. 

During the last stage of the Refrigeration Development, prototypes of the cryogenic feedthroughs will 
be fabricated and tested at SLAC, along with the prototype refrigeration system.   

13.5  Cryostat Assembly and Test 

13.5.1 Philosophy 
The design of the Cryostat allows for its complete assembly and testing prior to Raft Tower integration 
and Back End Electronics integration, and without L3 in place.   In particular, all the elements of the 
Cryostat will be assembled and tested for mechanical, vacuum, thermal, performance, and for 
contamination properties prior to the integration of the higher risk items (rafts, L3 optics).  Work is done 
in a clean room and once assembled, the Cryostat need not be disassembled for the subsequent 
integration, save for the removal of the front L3 dummy flange and the rear octagonal pump plate.  This 
strategy significantly reduces risks of introducing  problems during raft integration, and performing work 
in proximity to the delicate Raft structure and L3 optics. 
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13.5.2 Cryostat Assembly and Test Sequence 
The detailed sequence of Cryostat integration is documented in  LSST-1141-D.  Each element in the 
cryostat is mounted and its position/location measured, starting from the front of the cryostat with the 
shrouds and Grid flexures, and working towards the back with the Grid and Cryoplate.  Grid cold straps 
are installed, and dummy rafts are integrated. As appropriate, the sensor and heater cables are routed.  
Once the dummy rafts are in place, GRID metrology checks can be performed, and the thermal system 
tested.  Next the pumping chimneys and back end cage is installed.  The pumping plenum and the 
feedthrough plate can be test fit. The Coldplate is installed and measured. The feedthrough plate is 
installed (some welding is performed) and cabling connected up and tested. The pump plate is brought 
up and mounted next, and the L3 flange (dummy L3) is mounted closing the cryostat.  Once the 
pumpout lines are attached the cryostat can be pumped down and leak checked, and a pump/purge and 
warm bakeout can be done. Cryo and cold lines can next be fitted up, leak tested and functional testing 
of the cryo and cold systems performed, as well as uniformity of the GRID and plates.   Cold focal plane 
metrology can also be started to check Grid flatness.   When finished the cryostat is warmed up and 
vented. The L3 blankoff is removed as is the pump plate and plenum removed, in preparation for Raft 
Integration.  

13.6 Utility Trunk 

13.6.1 Utility Trunk Requirements 
The Utility Trunk (UT) houses and supports power supplies, and instrumentation and support electronics 
that do not need to reside within the Cryostat or the Camera Body, but do need to be within the 
camera.  The UT also houses the on-camera elements of the Refrigeration System.  In addition, the UT 
provides a controlled environment for these components. 

13.6.2 Utility Trunk Design  
The UT is cantilevered off the back of the Cryostat support cylinder as shown in Figure 13-54. 
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Figure 13-54: The Utility Trunk 

 It weighs ~200 kg, divided about equally between the housing and structure itself, and the contents.  
The UT structure is comprised of a three-dimensional skeleton of welded aluminum.  The frame 
supports the loads of the components housed in the UT, while providing clear access for assembling the 
hardware and servicing it during operation.  To achieve this, the reinforcing shear elements angle 
through the inner volume of the UT while stringers run longitudinally down the length at six positions 
around its perimeter.  The outer surface of the UT is formed from sheet metal panels. The panels are 
sealed to maintain a closed, clean volume inside the UT.  This is important since the UT must follow the 
loaded Cryostat into the clean room for any servicing of Raft Towers, and many of the components 
inside the UT are themselves not easily cleanable. 

The side panels add structural rigidity to the UT, but can be removed to gain better access.  Some 
elements inside the UT--such as the power supply crate--are expected to need easier access, so doors 
have been added to the panels.  These can be unlatched and slid open to access boards in any of the 
electronic crates. They will also provide access to key valves in the vacuum, purge and .refrigeration 
systems.  
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The Utility Trunk is 94 cm in diameter and 179 cm long. Near the back of the Cryostat, it contains the 
vacuum pumps and gauges for managing the cryostat vacuum systems.  Further back, custom 
electronics crates are installed in a region that is accessible through the telescope mounting structure 
which allows for replacement of individual boards in the field (without dismounting the camera) if 
necessary.  The back third of the Utility Trunk contains the vacuum-insulated heat exchanger canister for 
the refrigeration system, along with vacuum roughing pumps and valve panels for the camera body 
purge system and Utility Trunk cooling. 

Inside the UT, the structural frame includes interface mounting points for the components that mount in 
it.  Table 13-5 lists the equipment housed in the UT along with the subsystem that is delivering it. 

Table 13-5: Utility Trunk contents 

SUBSYSTEM ITEM

Elec Power (AC and DC) conditioning and distribution
CCS Power supply crate
CCS Networking
CCS Timing and sensor data handling
CCS Camera Protection System controller
Cryo Heat exchanger canister for the cryostat refrigeration system
Cryo Evacuated conduit for the refrigerant lines
Cryo Vacuum pumps, valves, and vacuum instrumentation
CB&M Valve box for the camera purge system
CCS Cable harness and trays
Cryo UT cooling ducts and blower units  

More detail may be found in Chapter 19 and earlier in this chapter. The UT is designed to enable 
relatively quick mounting and de-mounting of the modular hardware.  This simplifies both the interface 
development and the actual mounting process.  The mechanical interfaces for most of the elements are 
defined simply as a set of bolt patterns and mounting rails.  

The Utility Trunk also provides a supply of cold air for cooling electronic crates and other heat sources in 
the UT.  Air is blown into the UT from the plenum of cooled air in the top end air plenum on the 
telescope.  This plenum is actively cooled to remove heat from all sources on the top end, including the 
camera.  Air is blown into the UT through HEPA filters to remove any particulates, and then into the air 
ducts.  The ducts move the air to the front end of the UT, near the back of the camera, where it is 
distributed to the three electronic crates that are the source of most of the dissipated heat in the UT.  
The ducting directs the chilled air edge-on through the crates, providing direct convection cooling to all 
boards in the crates; it then passes out the back side of the crates.  Air then flows up through the back 
section of the UT and out into the top end plenum again.  Sensors will monitor component and structure 
temperatures, to ensure that warm components are within their safe operating limits. 
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13.7 Alternative Analysis 

13.7.1 Cryostat Refrigeration System 
Perhaps the most unique and challenging aspect of the cryostat design is the presence of a significant 
amount of analog and digital electronics within the vacuum space housing the cold CCD sensors.   These 
electronics represent a large source of process heat which must be removed through the Cryo and 
Coldplates. The tradeoffs for the placement of electronics inside vs. outside the Cryostat have been 
discussed elsewhere. The choice is driven largely by the need for close proximity of the sensors and 
readout electronics to reduce electronic noise, and the very large number and high density of vacuum 
penetrations that would be required to take signals out of the cryostat. 

As described earlier, the Cryo and Coldplates must provide ~570W and 400W of cooling at -130 0C and     
-40 0C, respectively.    While refrigeration of the cold plate can be achieved rather easily using 
conventional refrigerants such as R507 and a fairly conventional heat exchanger, a trade study was done 
to evaluate options for providing the cryogenic cooling regime (-130 0C) required for the Cryoplate.   

Historical camera techniques would use the Cryoplate as a heat exchanger, wherein a cold liquid or 
liquid/gas mix is transported to the Cryoplate and boiled to remove heat.  Options that have been used 
by past cameras include LN2 refrigerant, or mixed refrigerants (for example, “Cryotigers” or “Polycold” 
systems).  The heat load of the Cryoplate however is an order of magnitude larger than previous 
cameras and the use of LN2 coolant would require a very large capacity LN2 reservoir to be mounted 
locally on the telescope to last through the observing night, or vacuum insulated transfer supply lines to 
replenish a smaller local reservoir.  In either case cold gas would need to be removed and returned to 
the environment (away from the observatory) via insulated transfer return lines.  These lines would 
need to pass through the telescope structure rising about 30m from the ground, and have rotatable 
joints at three locations.  The first system considered used liquid R124 as a recirculating intermediate 
fluid coupling the camera on the telescope to the commercial Polycold unit in the Utility Room.  A 
cryogenic pump was needed in the system, because of the pressure head. 

Mixed refrigerant systems such as those manufactured by Polycold would use a compressor and heat 
exchanger on the ground to cool a liquid refrigerant. The cold refrigerant would be circulated via 
vacuum insulated lines up to the camera and the Cryoplate to remove heat.  Again the now warmer 
liquid would need to be returned to the ground Polycold based heat exchangers in vacuum insulated 
lines to avoid disturbing the Observatory environment. 

As a result of the drawbacks of conventional camera refrigeration systems, an alternative has been 
adopted which is based on mixed-refrigerant systems. It is being developed by Micro Miniature 
Refrigeration, Inc. (MMR), of Mountain View, CA. LSST will utilize specific mixed refrigerant system 
technologies for which MMR holds patents.   The LSST Cryoplate cooling system will be composed of a 
set of parallel refrigeration circuits, each providing a portion of the required total cooling capacity.  To 
eliminate the need for vacuum insulated transfer lines and cryogenic pumps, moving cold gas/liquid 
through the telescope, the warm and cold components of the refrigeration systems are separated.    
Compression of the vapor occurs on the ground in the Utility Room, and the Joule – Thompson 
expansion cooling takes place in the camera itself, near the Cryoplate.  By parallelizing the system, each 
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circuit represents just a modest extension of an existing MMR product which produces 30 W of cooling 
at 77 0K. 

13.7.2 Grid Material and Manufacturing. 
About a dozen distinct commercial processes for making silicon carbide ceramic are available however 
through an earlier trade study, potential sources were narrowed down considerably to just three of 
those whose product and capabilities  already appeared close to meeting the Grid requirements.  

During the formal procurement process for the Grid Manufacturing Study, all but one potential vendor - 
ECM in München, Germany was eliminated.  Broadly speaking, the very large transverse dimension and 
thickness of the Grid made complete silicon infusion by one of the other two vendors problematical – 
and requiring extensive R&D.  The other vendor could already produce suitably sized material but could 
not control the dimensional shrinkage of the large structure during the final stage of infusion.  This 
meant that the structure had to have extensive machining of the final ceramic structure, a process 
which is costly owing to the need for diamond cutting tools.  ECM already produces a material 

designated HB-CeSic  and has wide experience producing large precision components in SiC for optical 
applications.  Only ECM was able to produce a large structure like the Grid, in a single piece with closely 
held final dimensions – without the need for significant additional machining.     While the two other 
processes from two other vendors were potentially adaptable to our requirements, the necessary R&D 
costs to do so were found to be prohibitive In comparison to the existing ECM product. 

  



LSST Camera Conceptual Design Report 

367 
 

14: Filter Exchange System 

14.1 Introduction ......................................................................................................................... 367 

14.2 Requirements ...................................................................................................................... 369 

14.3 Filter Exchange System Design Description ........................................................................... 372 

14.3.1 Functional Design Overview ......................................................................................... 372 

14.3.2 Interfaces to CCS and Camera ....................................................................................... 374 

14.3.3 Controls........................................................................................................................ 375 

14.4 Auto Changer Design & Analysis ........................................................................................... 376 

14.5 Carousel Design & Analysis ................................................................................................... 389 

14.6 Filter Loader Design & Analysis ............................................................................................. 394 

14.7 Assembly & Test ................................................................................................................... 398 

14.8 Alternative Analysis .............................................................................................................. 400 

14.8.1 Auto Changer/Filter Loader Trade Studies .................................................................... 400 

14.8.2 Carousel Trade Studies ................................................................................................. 401 

 

14 Filter Exchange System  

14.1 Introduction 
The Filter Exchange subsystem provides the capability to change filters remotely during the course of 
nighttime Telescope operations.  Given the survey nature of LSST and the multiple science programs 
that the observatory is supporting, filter changes will be a regular occurrence during a typical night of 
operation.  Thus, the Filter Exchange subsystem must reliably and safely change filters quickly and with 
minimal impact on the night observing schedule. 

The camera houses five on-board filters and includes the capability for swapping in a sixth filter during a 
daytime maintenance access.  As shown in Figure 14-1, the filter exchange system includes three sub-
assemblies to provide this functionality. 
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Figure 14-1: Filter exchange system components inside the camera (outer housing removed) 

The Carousel holds the filters that are not in use, and moves filters into position for placing them on-line 
when needed.  The filters sit in cradles on a ring bearing that surrounds the cryostat, with the filters 
oriented 90 degrees to their on-line position.  The selected filter is moved into the light beam by the 
Auto Changer.  This mechanism shuttles the filter from its slot in the Carousel, forward and around the 
edge of the cryostat and L3 lens, to the on-line position between the L2 and L3 lenses. 

Finally, a Filter loader is used for swapping out a filter during daytime access.  The Filter loader engages 
with the internal Auto Changer rails to ensure a smooth and safe hand-off of the filter.  All three of these 
assemblies ensure that the large-diameter filters are handled safely, and can be accessed and brought 
on-line quickly to maximize viewing time. 
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14.2 Requirements 
Key exchange system functionalities and performance requirements are shown in Table 14-1.  These are 
requirements that address the filter exchange system as a whole.  Specific requirements pertaining to 
the Auto Changer, Carousel and Filter Loader are shown in Table 14-2, Table 14-3, and Table 14-4.  In the 
general filter exchange system requirements, the key driving requirements that drive the conceptual 
design deal with the physical packaging, filter change time, operation reliability, and the ability to swap 
in external filters without removing the camera from the telescope.   

The exchange system must support filters in the field-of-view.  Given the large acceptance angle of the 
camera optics, the filter clear aperture is very large—756 mm in diameter.  This is half the diameter of 
the camera housing itself, and leaves little room for the mechanism and structure of the exchange 
system itself.  Additionally, the filters need to be stored completely within the confines of the camera 
housing, to stay out of the light cone as well as to reduce the likelihood of particulate contamination.  
This eliminates design options that extend beyond the camera housing, and limits the exchange system 
volume to the constraints of the camera housing.  This also drives lower level requirements on the 
cleanliness of the exchange system components, and especially of the moving parts and lubricants. 

Regarding the change time, any of the filters stored inside the camera must be brought to the online 
position within 89 seconds.  Such an operation comprises the following steps: START 1) rotate the 
camera so the YZ plane is parallel with gravity, 2) disengage the online filter clamps, 3) transport the 
filter to the empty Carousel slot in the standby position, 4) engage the Carousel filter clamp, 5) 
disengage filter latch, 6) move Auto Changer trucks away from Carousel, 7) actuate flip rails out of the 
Carousel path, 8) rotate Carousel to the desired filter, 9) engage flip rails, 10) move filter trucks to filter, 
11) trucks engage filter latch, 12) disengage Carousel clamps, 13) transport filter to online position, 14) 
engage online clamps, END.  Each of the steps mentioned above will be described in more detail in the 
following sections.  These steps are enumerated here to demonstrate that the filter exchange process is 
complex and the time for each step must be carefully allocated with appropriate speeds and timings set 
to ensure reliable exchange times. 

The next general system requirement that drove the conceptual design is the reliability of the exchange 
system.  This is related to the exchange time in that running motors faster would reduce the exchange 
time, but would increase forces, stresses and wear rates in the components shortening their 
maintenance intervals.  To ensure that the filter exchange system is operational 100% of the time the 
camera sends an exchange command, the relationship between speed and reliability must be optimized.  
The scheduled maintenances are only once per year, so the exchange system is designed to operate for 
uninterrupted intervals of one year when subjected to all its load and cyclic environments.    The annual 
scheduled maintenance affects the Auto Changer and Carousel components.  The Auto Changer is 
designed to be removed and installed as a single module from the Camera Body.  There will be two Auto 
Changer units.  When a unit has been used for one year, it is removed and replaced with the other unit 
which has already been through a servicing and performance verification test.  The Carousel is packaged 
tightly within the camera body volume and cannot be removed without significant de-integration of the 
camera.  Therefore, the servicing must be done while on the camera.  The electronics and motors are 
accessible from the perimeter of the camera.  Internal parts requiring replacement, cleaning or 
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lubrication are performed through access ports in the camera body.  Should there be a failure in the 
exchange system, servicing times are designed to be performed within one eight hour shift, which could 
be done during daytime accesses.   

Finally, the requirement of being able to swap out any filter in the camera with an external filter 
necessitated the design of the Filter Loader.  The Filter Loader is like a cartridge that removes and 
inserts filters from the camera via an access port built into the Auto Changer structure.  A minimum of 
two loaders will be used for one swap-out operation.  First, an empty Filter Loader would remove one of 
the filters from the camera and that loader would be set aside while the second loader containing the 
desired filter loads the filter into the camera.  This operation would take place during daytime access 
and would take an estimated 1.5 hours to complete. 

Table 14-1: Filter Exchange system functional capabilities and key driving requirements 

 

Requirement Title Requirement

Filter Exchange System Requirements
General Requirements

Lifetime The filter exchange system shall be designed for an operating 
lifetime of at least 15 years

Operating environments

The exchange system shall be designed to operate in and 
survive the environments and loads and with the factors of 
safety defined in the LCA-68, the "Camera Environmental 
Specification"

Filter swap in place A filter in the camera shall be replaceable without requiring 
removal of the camera from the telescope
Filter Exchange System Requirements

Filter change time The time to change filters installed in the camera shall be less 
than 89 seconds after receipt of command from the CCS

Exchange system up-
time

The filter exchange system shall be available to fully function 
TBD% of the time the camera is in a state to do so  

In addition to the overarching Filter Exchange requirements, each of the components has their own set 
of requirements.  The Auto Changer key driving requirements are shown in Table 14-2.  The most 
challenging Auto Changer requirements deal with maintenance and subsequent requirements.  Besides 
holding up to the sheer number of cycles before maintenance, these subsequent requirements include 
ensuring precise repeatability and cleanliness without affecting other camera components.  As 
mentioned above, the Auto Changer is designed to be removed and installed in the camera body in one 
piece.  This is a challenging requirement because any changes in the camera body stress field caused by 
this operation could affect the positions of other components attached to the camera body.  For 
example, the L1-L2 assembly, also attached to the camera body, could shift in position and introduce 
image error.   The performance requirements of the Auto Changer deal with the positioning of the filters 
in the online position.  This requirement is achieved through the fine adjustability of the filter online 
fiducials, in concert with the installation repeatability.  This allows the fiducials to be adjusted and 
aligned in the lab, knowing that these positions are preserved after installation in the camera.  The 
moving parts in the Auto Changer will generate particulates that could contaminate the optics, so the 
components are designed to seal or capture the particulates and cleaned during the annual scheduled 
maintenance. 
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Table 14-2: Auto Changer Key Driving Requirements 

Requirement Title Requirement

Design cycles The Auto Changer shall be designed for at least 100,000 
changes

Auto Changer required 
attitude

The Auto Changer shall be capable of moving a filter to/from 
the hand-off location with the Carousel with the camera X-axis 
horizontal and pointed at any altitude from zenith to horizon

Min maintenance cycle The Auto Changer shall be designed for a time between 
planned preventative maintenance of > 1 yr

Clear field of view The Auto Changer mechanism and filter support hardware 
shall not obscure the field of view

Light scattering
All components with a direct view of the field of view shall 
either be shielded by light baffles, painted flat black, or 
treated/shaped to minimize scattering

Interface to Filter The Auto Changer shall accommodate filters as defined in the 
Filter Interface Definition Drawing, document LCA-71  

Carousel key driving requirements are shown in Table 14-3. Though simpler than the Auto Changer, the 
technical challenges of the Carousel are significant due to the extremely limited space within the camera 
volume.  It is tightly packaged between the Cryostat and the Camera Housing, holding 5 filters in a 
pentagonal configuration.  The minimum static clearances are small, so the motion and dynamics must 
be carefully controlled.  The circular ring gear drive system is attached to the Back Flange of the camera 
and cannot be removed without significant de-integration of the camera.  Routine maintenance must 
thus be performed in place on the camera.  Since the filter masses are all different, the combined center 
of gravity changes with each filter exchange.  The Carousel clamps must be fail-safe because a failure 
could lead to a dropped filter and catastrophic results. 

Table 14-3: Carousel Key Driving Requirements 

Requirement Title Requirement
Carousel Req's

Number of sockets The Carousel shall have 5 sockets available to store filters

Design rotations The Carousel shall be designed for at least 35,000 rotations

Design clamp cycles The Carousel shall be designed for at least 30,000 clamp/un-
clamp cycles

Rotation time The carousel shall be able to rotate 2 sockets in 20 seconds or 
less, when loaded with any 5 filters

Min maintenance cycle The Carousel shall be designed for a time between planned 
preventative maintenance of > 1 yr

Interface to Filter The Carousel shall accommodate filters as defined in the Filter 
Interface Definition Drawing, document LCA-71  

The Filter Loader key driving requirements are shown in Table 14-4.  The design is driven by the 
cleanliness, swap out time and the interfaces to the Auto Changer and Filter frame.  The loader is itself a 
clean, sealed storage container for a filter.  Besides this, there is a purge system, and all internal 
mechanisms are sealed or booted to prevent particulate contamination.  The filter swap out time is 
estimated to be less than 1.5 hours, which includes crane operation time.  To meet such a fast swap out 
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time, the procedure must be very simple, reliable and accurate.  In order for the handoff to occur 
between the Auto Changer and the Loader, the Loader must extend in a precise way to engage and 
disengage the Auto Changer trucks.   

Table 14-4: Filter Loader (Manual Filter Changer) Key Driving Requirements  

Requirement Title Requirement

Filter Loader Requirements

Cleanliness
The Manual Changer shall maintain a class 100,000 clean 
room environment for a single filter during handling, storage 
and swap out operations

Manual filter change 
time

The time to swap out an external filter with one installed in the 
Camera shall be < 1.5 hours

Interface to Filter The Manual Changer shall accommodate filters as defined in 
the Filter Interface Definition Drawing, document LCA-71  

14.3 Filter Exchange System Design Description 

14.3.1 Functional Design Overview 
The nomenclature used for the Filter Exchange System is shown in Figure 14-2. 

The Filter Exchange System is allocated 89 seconds of a total 120 seconds time to perform a filter 
exchange.  To meet this time requirement, the Carousel and Auto Changer mechanisms must move the 
filters quickly around the shutter and delicate optics inside the camera body volume.  To accomplish this 
safely, the physical envelope within which the filters can move must be tightly controlled.  Since the 
filters are large, they cannot be stored with a simple one degree of freedom linear rail system.  Note 
that the total time budget to change a filter is 120 seconds where: 30 seconds to rotate the camera to 
vertical (+X axis horizontal) is given to the telescope, 89 seconds to perform a filter change is given to 
the Filter Exchange System, and one second for control system overhead goes to the CCS time budget.   

The Carousel holds up to five filters and rotates around the camera bore axis to place the selected filter 
in the hand-off position.  The filters are arrayed around the bore axis in a pentagonal configuration 
facing radially inward towards the center of the camera.  The fail-safe clamps hold the filters in place 
while in the off-line position.  The clamps are part of a support structure mounted to a precision circular 
bearing.   
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Figure 14-2: Filter Exchange system nomenclature 

Actuated flip rails have two positions.  The “open” position allows the Carousel to rotate the filters into 
the Stand-by position.  The “closed” position facilitates the hand-off of filters from the Carousel to the 
Auto Changer by extending the rails, guiding keys on the Auto Changer trucks into sockets in the filter 
frame; there are spring loaded latches in the sockets.  When the frame latches onto the keys, the 
Carousel clamps are released and the filters are moved into the online position.  The path that the filters 
take from the stand-by position to the online position involves both translation and pitch rotation of the 
filter.  The translation of the filter is defined by curved rails that guide the Auto Changer trucks.  The 
pitch rotation of the filter is accomplished by a pivoting following arm attached to the truck.  The arm 
angle is defined by a roller that rides in a groove in the curved rails.  Together, the filters are moved 
along a pre-defined path past the cryostat into the space between the shutter and L2 into its online 
position.  In the online position, the filter position is no longer defined by the trucks, but by stationary 
fiducials attached to the Auto Changer structure. Figure 14-3 visually walks through the filter change 
process.  Note that steps “A” and “M” are not part of the Filter Exchange System 89 second change time 
allocation. 
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Figure 14-3: Filter change sequence, with timing estimates.  (A) rotate camera so X axis is horizontal (B) 
release online Filter clamps (C) move filter to standby position (D) engage carousel clamps, disengage filter 
latch (E) move changer truck to intermediate position (F) open flip rail (G) rotate new filter into standby 
position (H) close flip rail (I) move changer truck to standby position, engage filter latch (J) disengage 
carousel clamp (K) move filter to online position (L) engage online filter clamps (M) rotate camera to new 
observing angle  

14.3.2 Interfaces to CCS and Camera 
The Filter Changer subsystem (Auto Changer, Carousel, and Filter Loader) control is achieved through a 
hardware and software interface.  The hardware interface between the CCS and the Filter Changer 
interface host is nominally a PC104 and the local device is a CanBus.  There is a CCS module to interface 
with each of the subsystem components, with a fourth module to coordinate filter change operations 
during normal operating mode.  Additional details can be found in Chapter 17, Camera Control System. 

The interfaces to the camera are defined in a series of interface control documents (ICD) and interface 
definition drawings (IDD).  These interface documents define the mechanical interfaces between the 
different assemblies, as well as define physical maximum dimensional information.  Because the space 
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to navigate a filter is so tight, these definition drawings are of extreme importance.  The interface 
definition drawings related to the Filter Exchange System are: 1) LCA-70, “Carousel IDD”, 2) LCA-72, 
“Carousel Swept-Volume IDD”, 3) LCA-74, “Auto Changer IDD, and 4) LCA-75, “Filter Loader IDD. 

14.3.3 Controls 
This section discusses the overall controls architecture for the Filter Exchange system. Sections later in 
this chapter describe the roles and characteristics of sensors, actuators, and other control devices on the 
Auto Changer, Carousel, and Filter Loader. 

The Filter Exchange subsystem controllers are fully responsible for system and personnel safety. Local 
controllers provide hardware protection and interlocking to protect against both component or sensor 
failure or an erroneous CCS command. Interlock and protection sensor status is sent to the Camera 
Protection System (CPS). The system functions autonomously, but also accommodates manual 
involvement. Figure 14-4 illustrates the architecture of the control system. 

 

Figure 14-4: Architecture of the controls system for the Filter Exchanger 

The control system for the Changer has 5 operating modes: 1) Stand alone, 2) Normal Operation, 3) 
Filter Swap-out, 4) Fault and Fault recovery, and 5) Engineering Mode.  

The stand-alone operation mode supports a distributed development model in which the Carousel is 
assembled and tested in Paris, the Auto Changer is assembled and tested at SLAC, and the Filter Loader 
operates autonomously in the lab. In the normal operation mode, actions are performed with the 
integrated Filter Exchange system during observations from the operator’s console (e.g., controlled 
power-up/-down to save power and reduce heat load, autonomous exchange of filters with no operator 
intervention needed, scrolling through carousel to re-verify the filter complement and positions). In 
filter swap-out mode, actions are performed from an engineering console. The Filter Loader is engaged 
and added to the control logic. In fault and fault recovery mode, operators can recover the system from 
a fault or safe the system to protect it, prior to repair or servicing. In this operating state, some sensors 
or actuators may not be functioning correctly; therefore, the mode supports local “manual” operation 
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for fault recovery (including overrides) as well as local lock-out and emergency-off switches to provide 
personnel hazard protection. Finally, in engineering mode, technicians can put the system in a state 
suitable for servicing, troubleshooting, and integration. Here, some or all safety devices and 
enable/disable switches may be disabled and additional personnel protection protocols are added 
(administrative or sensors) to protect against hazards. 

14.4 Auto Changer Design & Analysis 
The Auto Changer design is shown below in Figure 14-5. 

 

 

Figure 14-5: Auto Changer with a filter in the on-line position 

The Auto Changer moves a selected filter from its stand-by position in the Carousel to the on-line 
position in the field of view of the camera optics.  The filter is moved along two fixed rails by trucks that 
roll on the rails and support the filter on either side of its equator.  Each rail is comprised of two sets 
guide tracks, with one set supporting the weight of the filter and the second set providing control of the 
filter angle, as shown in Figure 14-6. 
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Figure 14-6: Rail detail showing two track design 

As the filter is pulled away from its stand-by position on the Carousel, the spacing between the two sets 
of tracks on the rail changes, thereby tipping the filter and rotating it as it moves around the corner of 
the cryostat and into its on-line location.  By varying the spacing of the tracks on the rails, the filter tip 
angle is tied to the rectilinear position of the filter along the rail and the sum motion is tightly controlled.  
Since the mechanical packaging in the camera volume is so tight, controlling the motion of the filter 
transit is very important.  When the filter is transported between its online and standby positions, it 
comes into close proximity with other components in the camera volume.  The closest approach of the 
second surface of the U-filter (the thickest filter) and the +Y edge of the L3 bezel is ~3mm.  In Figure 14-
7, the filter’s closest approach to the camera body, cryostat, and L2 are shown.  Any impact at the 
speeds the filter is moving would result in serious damage.   The mechanical motion control of the filter 
change also eliminates the need for a tip-angle actuator and the attendant additional complexity.  As a 
result, the Auto Changer includes only one actuated degree of freedom, which is provided by a linear 
slide and ball screw, with a linkage to tie the linear actuator to the trucks that ride along the curved rail 
profiles.   
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Figure 14-7: Filter curved path through camera, with points of closest approach 

The Auto Changer is driven by a single motor with gear reducers and drive shafts running to two sets of 
linear slides and ball screws which straddle either side of the camera FOV.  Two driven slides are used to 
ensure that the filter cannot jamb or get wedged in place, as can happen when driving from one side 
only (akin to closing a dresser drawer while pushing from one edge of the drawer).  The drive train 
cannot be back-driven, to ensure it is safe from loss of power.  

The carriages on the two linear drives are joined by a yoke that bridges across the FOV and provides a 
common central pivot point for the linkage that connects to the trucks that ride on the curved rails.  
While the slides are long enough to provide the full range of travel needed for a filter, their positions are 
constrained by the outer diameter of the camera housing.  The housing effectively centers the slides on 
the center of the camera, which is not ideal to cover the entire range of motion of a filter.  Thus, the 
yoke serves to offset the pivot point of the linkage to one side of the camera, which allows the slides to 
move the filter all the way into the FOV on the camera centerline.  As the filter is moved off-line to its 
stand-by position on the Carousel, the linkage pivots to push the filter around the corner of the cryostat 
and back along the rail to the Carousel. 

The C-shaped linkage mounts permanently to the two trucks with a rod end to allow the trucks to pivot 
and to provide compliance of the joint to accommodate small misalignments and reduce the likelihood 
of wedging the filter.  As shown in Figure 14-8, the trucks include four wheels; three V-wheels support 
the weight of the filter and guide it along the track.  The smaller fourth sits on a pivoting arm extending 
off the truck and rides in the second track of the rail.  This provides the angular rotation for the filter.  
The trucks also include a ball key and strike that runs into a slot on either side of the filter.  The filter has 
a spring-actuated latch that engages the strike to capture the filter onto the truck; an external actuator 
is used to disengage the filter.  This ensures that the filter support mechanism is safe against loss of 
power, and the control system ensures that the latch release can only be activated when the Carousel or 
Loader clamp is engaged. 



LSST Camera Conceptual Design Report 

379 
 

 

Figure 14-8: Detail of Auto Changer truck and interface to filter 

The trucks roll along the rails to move a filter to the stand-by position on the Carousel.  They also 
operate without a filter, to back away from the Carousel in preparation for rotating the Carousel.  After 
the empty trucks are backed away, the sections of the rails near the Carousel are “opened” (flipped flat 
against the outer housing of the camera) to clear the path taken by the filters as they rotate in the 
Carousel.  This simple flipping motion is handled by a double-acting solenoid which overcomes a pivot 
mechanism which is stable with the rails in either the “open” (flipped flat) or “closed” (aligned with the 
remaining rails) positions.  This ensures that the rails hold their position in a power or control failure. 

Figure 14-9 shows the flip rails in more detail.  Note that in actual operation, the two flip rails are 
synchronized and both are either opened or closed. 
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Figure 14-9: Auto Changer flip rail at back end of travel where it interfaces to the Carousel 

As the filter approaches it online position, weight is transferred from the trucks to fiducials on the filter 
frame and clamps rigidly mounted to the Auto Changer structural frame.  The requirements state that 
the filters must be held accurately and stably and must accommodate different filter masses in all 
camera orientations.  Since all of the online position clamps have fine adjustment capabilities, tolerance 
stack-ups are eliminated in the alignment process during integration and assembly.   The manufacturing 
tolerances of the filter frames, placement of the filters in the glass, and the mechanical stability of the 
fiducials ensure that the positional requirements are met.  The four-point support configuration was 
chosen due to the large size of the filters and relatively flexible frame.  The primary disadvantage of this 
is that it overconstrains the filter and could transfer loads and distortions from the camera body into the 
filters.  A three point kinematic mount would solve this problem, but introduces other design difficulties.  
Because of the large diameter of the filters, it was feared that a three point support would result in 
unacceptable unsupported lengths.  Additionally, the tight space constraints meant the supports could 
result in an asymmetric layout.  The four point clamping system was analyzed together with camera 
body loads and the resultant stresses and distortions into the filter are minimal.  Further investigation of 
the optimal mount is underway. 

The Auto Changer is supported off of the camera body by a support frame consisting of two structural 
beams that bridge across the enclosed volume.  The frame interfaces to the camera body on the +Y side 
via two sets of pin and bolt joints.  The pins allow freedom to rotate about the X axis while the bolt 
interfaces add hoop stiffness to the camera body cutout.  On the –Y side of the structure, there are a set 
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of titanium flexures to support the rail in X and Z translation while allowing compliance in the Y 
direction.  With this interface scheme, the Auto Changer will have a highly repeatable interface while 
minimizing stress coupling with the camera body structure.   

Each beam supports a rail and linear slide, with the entire assembly pre-aligned and integrated as a unit.  
Light baffles are also mounted to the support beams, to shield all components from reflecting any stray 
and scattered light, and to define a clean circular clear aperture for the beam as it passes through the 
filter.   

Baffling is provided inside the camera and much of it is supported from the Auto Changer.  The 
requirement is to reduce or eliminate glancing angle views of camera components from the incoming 
light cone.  Optically black shrouds or coatings are used to shield as many camera components as 
possible.  Finally, a series of aperture defining rings along the light path are designed to catch low-angle 
scattered light.  While much of the baffling designs are started, they have not been optimized with any 
optical analysis.  Therefore, the design will be advanced along with future scattered light analysis.  
Figure 14-10 shows some of the basic baffles in the conceptual design. 

 

Figure 14-10: Light Baffling inside the camera attached to the Auto Changer 

Structural analyses of the Auto Changer were performed.  There are three primary sources of loads that 
influence the structure: 1) Body Loads, 2) Operational Loads, and 3) Cyclic Loads.  Body loads such as 
quasistatic accelerations, dynamic repointing accelerations, shipping and handling loads and seismic 
loads are taken from the camera environmental specification.  Operational loads arise from the speed 
budget and ensuing inertial loads.  Cyclic loads are the low level stresses that over time could result in 
contamination, wear and fatigue failure.   
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The body loads are summarized in Table 14-5.  It can be seen that the seismic accelerations are the 
highest, but because there is no performance requirement other than survival, the safety factor can be 
reduced.  Therefore, the seismic load cases do not account for the lowest margins of safety.   

Table 14-5:  Body Loads Summary, loads from Camera orientations, dynamic repoints, integration and handling, 
transportation and seismic loads. 

 

The minimum margins of safety are summarized in Table 14-6. 
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Table 14-6: Minimum Margins of Safety from Body Loads 

Part Load Case Material
Fty 

[MPa]
Ftu 

[MPa]
Max Stress 

[MPa] MUF SF y MS y SF u MS u
Flexure Static Ti 6AL-4V 880 950 5.3 1.25 2.0 65.4 2.6 54.2
Flexure Dynamic Ti 6AL-4V 880 950 14.4 1.25 2.0 23.4 2.6 19.3
Flexure I&T Ti 6AL-4V 880 950 8.5 1.25 2.0 40.4 2.6 33.4
Flexure Seismic Ti 6AL-4V 880 950 18.3 1.25 1.0 37.5 1.4 28.7
Rails Static Al 6061-T6 276 310 3.3 1.25 2.0 32.5 2.6 27.9
Rails Dynamic Al 6061-T6 276 310 5.3 1.25 2.0 19.8 2.6 17.0
Rails I&T Al 6061-T6 276 310 4.4 1.25 2.0 24.1 2.6 20.7
Rails Seismic Al 6061-T6 276 310 6 1.25 1.0 35.8 1.4 28.5
Filter Ring Static Ti 6AL-4V 880 950 5 1.25 2.0 69.4 2.6 57.5
Filter Ring Dynamic Ti 6AL-4V 880 950 5.7 1.25 2.0 60.8 2.6 50.3
Filter Ring I&T Ti 6AL-4V 880 950 6.3 1.25 2.0 54.9 2.6 45.4
Filter Ring Seismic Ti 6AL-4V 880 950 8.8 1.25 1.0 79.0 1.4 60.7
Transverse Support Static Al 6061-T6 276 310 4.9 1.25 2.0 21.5 2.6 18.5
Transverse Support Dynamic Al 6061-T6 276 310 5.7 1.25 2.0 18.4 2.6 15.7
Transverse Support I&T Al 6061-T6 276 310 4 1.25 2.0 26.6 2.6 22.8
Transverse Support Seismic Al 6061-T6 276 310 6.9 1.25 1.0 31.0 1.4 24.7

Min MS y 18.4 Min MS u 15.7  

 Fty and Ftu are the tensile yield and ultimate stresses for a given material; MUF is the model 
uncertainty factor assumed in the FEA model; SFy and SFu are the safety factors assumed in the analysis, 
and MSy and MSu are the margins of safety against yield and ultimate stresses for that material.  The 
margin of safety is calculated as 

  and   

The strength requirement for components is to exhibit Margins of Safety greater than 0.0.  The 
minimum margin of safety for the body loads is 15.7 for ultimate stress in a dynamic load condition, 
which indicates a high level of confidence in the strength design.  Some representative stress contour 
plots for the various Auto Changer components are shown in Figure 14-11. 
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Figure 14-11: Auto Changer component stress contour plots 

Because of the filter exchange speed requirements, a kinematic analysis was performed for the filter 
change operation to account for inertial loads due to actuation. The exchange speed budget assumed 
for this analysis is shown in Table 14-7.  Various key camera orientations were assumed and the worst 
case drive train loads were computed.  Note that the total time budget to change a filter is 120 seconds 
where: 30 seconds to rotate the camera to vertical (+X axis horizontal) is given to the telescope, 89 
seconds to perform a filter change is given to the Filter Exchange System, and one second for control 
system overhead goes to the CCS time budget.   

Table 14-7: Exchange speed budget used in kinematic analysis. 

Action Max Speed 
(mm/sec) 

Estimated 
Time (sec) 

Allocated Time 
(sec) 

Margin  
(sec) 

Rotate camera to vertical (+X axis horiz)     
  

Move filter to parked position on Carousel 240 mm/sec 5.2 10.0 4.8 
Return empty trucks to on-line position 400 mm/sec 3.0 10.0 7.0 
Rotate Carousel to selected filter, actuate flip rails 100 mm/sec 25.0 49. 24. 
Move empty trucks to parked position on Carousel  400 mm/sec 3.0 10.0 7.0 
Insert new filter to on-line position 240 mm/sec 5.2 10.0 4.8 
 

    
  

Total   41.4 89. 47.6 
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Figure 14-12: Operational loads analysis representative results 

The equations of motion did not account for second order effects such as the compliance and dynamics 
of the exchanger components.  The results of this analysis, for a zenith pointed orientation are shown in 
Figure 14-12, above.  It can be seen on the chart that the filter starts at point “A”, its online position.  
The linkage axial force (blue diamonds) due to one truck starts at ~125N in tension because gravity is 
pulling the filter down along the track.  When the actuation starts, the filter crosses the lowest point on 
the rail and the linkage goes into compression as the filter is driven “uphill” towards its standby position.  
At point “B” the linkage force reaches near its maximum, which is important because it is also the 
interface of the flip rail.  Because the linkage is nearly vertical, the mechanical advantage causes the 
force in the linkage to drop, ending with a static force of ~-200N.  Across two trucks, the total force in 
the linkage is the approximate weight of the filter.  This chart also shows the Truck wheel axel loads 
(magenta squares, yellow triangles, and blue crosses) as well as the path of the truck travel. 

The table below summarized the loads the Auto Changer is subjected to.  To the raw analytical numbers, 
factors are added to account for model uncertainty, speed, stall loads and proof loads.  The stress 
analysis assumed the highest loads for any component. 

Table 14-8:  Auto Changer kinematic loads summary 

Component Analysis MUF 
Design  

(full 
speed) 

Low speed / 
engagement Stall Proof +/- Units Notes 

Multipliers                   

Rationale     1x 1.5x design 2x design 
2.5x 
design; 
1.25x stall 
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Multiplier     1 1.5 2 2.5       
Truck wheel (per axle)                  

Max speed 200 50% 300 50 0 0 +/- mm/sec   
Radial load 336 25% 420 630 840 1050 +/- N   
Axial load 84 25% 105 158 211 263 +/- N   
Out-of-plane 
torque 1601 25% 2001 3001 4002 5002 +/- N-mm   

Linkage (per tine)                    
Compression -284 25% -354 -532 -709 -886   N   
Tension 118 25% 148 222 296 370   N   

Yoke (total, at linkage pin)                  
CCS +Fy 235 25% 294 440 587 734 + N   
CCS -Fy -492 25% -615 -922 -1229 -1536 - N   
CCS +/-Fz 333 25% 417 625 834 1042 +/- N   

Ball screw/slide carriage forces (each)              
Max speed 200 25% 250 25 0 0 +/- mm/sec   

CCS +Fy 117 25% 147 220 294 367 + N 
Ball screw buckling 
force 

CCS -Fy -246 25% -307 -461 -615 -768 - N 
Ball screw max 
tension 

CCS +/-Fz 167 25% 208 313 417 521 +/- N 
Carriage 
transverse load 

CCS +/- Mxx 42437 25% 53046 79570 106093 132616 +/- N-mm 
Carriage yaw 
moment 

Notes:       
Includes 

engagement 
forces 

NTE 
operational 

load 
 Static       

Combined with static load cases, the peak stresses and buckling loads for all major components were 
calculated.  The majority of the margins of safety are well above any concern, but some areas do show 
relatively high stresses.  For example, the drive link buckling margin is 0.7.  This appears low, but it is 
noted that the safety factor is 6.0 and the boundary conditions are assumed to be pinned.  These are 
very conservative assumptions.  In another case, the thermal distortion between the aluminum frame 
and stainless steel rails result in high stresses.  In this case, the interfaces can be designed with flexures 
to allow thermal distortion without generating the high forces currently calculated.  In the conservative 
preliminary analysis, positive margins are calculated, and it is believed that future optimized designs will 
result in higher margins of safety. 

Table14-9 : Auto Changer stress analysis and minimum margin of safety summary 

Component Location Material Msy Msu 
Years 
of Life Notes 

Drive Link Arm, bending 6061-T6 0.8 0.8    11.2  Fixed BC, load between I/F's 

Drive Link Buckling 6061-T6   6.8   Rotation fixed, allowed to translate laterally 

Drive Link Arm, bending 6061-T6 0.4 0.7   Fixed BC, load between I/F's, stall loads 

Drive Link Buckling     0.7   With pinned ends 

Drive Link Buckling 6061-T6   2.9   Rotation fixed, allowed to translate laterally, stall loads 

Drive Yoke Drive I/F 1008 SS 95.5 132.2  High  Scalar values superimposed, conservative 

Drive Yoke Drive I/F 1008 SS 29.9 41.6   Scalar values superimposed, conservative 

Drive Yoke I/F to Link 1008 SS 44.3 61.6   Scalar values superimposed, conservative 

Drive Yoke I/F to Link 1008 SS 44.3 61.6   Scalar values superimposed, conservative 

Wheel Prying pressure load 440 SS       No Friction, line load (conservative) 
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Wheel Prying pressure load 440 SS 16.6 17.5  High  No Friction, line load (conservative) 

Ball Key Latch 

Key, stress 

concentration 440 SS 4.7 5.0   35.522*9.81*1.1/2 

Ball Key Latch Key, Throat   3.7 4.0   Stress concentration in keyway 

Ball Key Latch Pin Hole 440 SS 1.4 1.6   Double shear 

Ball Key Latch Pin 440 SS 199.1 272.6   Double shear 

Ball Key 

Key, stress 

concentration 440 SS 7.1 7.5      4.5  Load Case = 1 g gravity in latch direction 

Ball Key Key way 440 SS 0.9    0.97    No Friction, all load goes into far end of key hole 

Ball Key Pin Hole 440 SS 24.3 25.6   Pin holes only take load in the bolt axis direction 

Ball Key Ligament 440 SS 4.6 4.9   Stress concentration in keyway 

Support Structure Structure/Rail I/F 6061-T6 0.3 0.3  High  Due to thermal distortion 

Rail Truck Point 1 440 SS 35.1 36.9    22.5  Truck loads to rail 

Rail Structure/Rail I/F 440 SS 2.6 4.0   Due to thermal distortion 

Linear Actuator Ball Screw 316 SS   2.1      2.3  Euler Buckling, dia=15mm, min dia=12.5 

Linear Actuator Bearing Support     6.3   Contact Stress 

Linear Actuator Short Block, My     0.4   Moment, My  

Linear Actuator Short Block, Mr     9.5   Moment, Mr (50% My) 

Linear Actuator Short Block, Mp     1.4   Moment Mp (50% My) 

One of the driving requirements for the Auto Changer requires continuous operation through the design 
life.  The assumptions on cyclic loading are to have 1 self-check, 10 calibration changes, and 10 
operation changes per night, with 300 nights per year in operation.  For manual filter changes, 4 swaps 
were assumed per month.  Combined together, this results in (21 * 300) + (4 * 12) = 6348 changes / 
year.  Over 15 years, the total number of changes is ~100,000.  Because of the high number of cycles, a 
cumulative fatigue damage analysis (Palmgren-miner method) was performed to help define the annual 
maintenance schedule required to maintain the Auto Changer.   

In the Palmgren-miner method, the Cumulative Damage Ratio, D, is calculated.  This ratio looks at 
different cyclic loads the components are exposed to, and each load type results in some reduction of 
fatigue life.  If all of the loads are summed are greater than 1.0, then fatigue failure is predicted. 

 

where ni = # cycles for the i-th load value, Ni is the corresponding number of cycles from the S-N curve, 
and m is the number of unique load values.  An example calculation for the drive link is shown in Figure 
14-13. There are four modes of cyclic loading identified.  Mode 1 is the Auto Change operation; Mode 2 
is a manual change; Mode 3 comes from vibrations from dynamic repoints; and Mode 4 comes from 
diagnostic operations such as calibration or other miscellaneous operations.  The maximum stress in the 
drive link is 22 ksi which corresponds to N1=300,000.  This results in an n1/N1=33%, or one third of the 
life of the drive link will be used up in the Auto Change operation.  The other modes of operation result 
in much lower stresses, making the ratio n/N very small.  Summing together, the total damage ration is 
still 33%.  In the Palmgren-Miner method, a design scatter factor of 4.0 is applied, resulting in a design 
damage ratio = 1.33.  This effectively predicts failure after 11.3 year.  This does not meet the 15 year 
design life and means that 2 links are needed for the life of the Auto Changer.  Since there will be two 
full Auto Changer systems each system will not need a drive link replacement.  
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 Figure 14-13: Example drive link cumulative damage ratio calculation 

All of the major structural components were examined from a cyclic loading perspective.  All calculations 
were performed assuming the 15 year design life.  Some components experience different modes of 
operation, such as an Auto Change operation versus an online unloaded vibratory load.  Other 
components were calculated from an expected loading compared with the manufacturer’s MTBF 
reliability estimate.  The results of this fatigue analysis are summarized in the following table. 

Table14-10: Fatigue life analysis results and maintenance schedule 

  

 

From this analysis, it can be seen that the only major component that needs regular maintenance is the 
drive motor.  Over the life of the camera, the motors will need to be replaced approximately 4 times in 
each changer module.  This is somewhat arbitrary, however, since the drive train can also be optimized 
to minimize the number of rotations needed for a change operation. 
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14.5 Carousel Design & Analysis 
The Carousel design, driven by several key requirements, depends on 1) Size, mass and stiffness of the 
different filters, 2) cleanliness of components for both particulate generation and low temperature 
outgassing, 3) tight space constraints between the camera housing and cryostat, 4) ability to sustain the 
high number of cycles and maintainability, and 5) ability to operate in any camera orientation and 
sustain any load condition.   

The Filter Carousel supports filters inside the camera body when they are not in use in the field of view 
(FOV).  Each filter has a clear aperture diameter of 690 mm, and the heaviest has a mass of 35.5 kg.  The 
Carousel can support from zero to five filters, accommodating any filter in any azimuthal location, or 
“socket” Up to a maximum filter mass of 44kg.  The filters are mounted around the perimeter of a large 
ring.  Continuous curved ball-rails mount directly to the camera back flange and support the rotating 
ring which, in turn, supports the posts and clamps that hold the filter frames.  The ring also supports the 
large ring gear that is used for rotating the Carousel to place the selected filter in the stand-by position 
in preparation for moving it on-line.  The Carousel parts can be seen in Figure 14-14. 

 

Figure 14-14: Carousel with all five filters mounted 

As seen in Figure 14-15, a circular rail is fixed on the camera back flange.  Carriers, attached to the ring 
gear, guide the system on the rail.  Motors drive the Carousel by way of pinion gears.  The motors fit in 
cut-outs in the back flange of the camera, arrayed around the perimeter of the Carousel to provide the 
required torque and power in the relatively small volume available.  The Carousel also uses brakes which 
engage the rotating ring directly and stop all Carousel motion in the event of loss of power.  The 
Carousel can be rotated in either direction, to shorten the travel distance and reduce the time to 



LSST Camera Conceptual Design Report 

390 
 

exchange a filter.  Encoders monitor the position of the Carousel during rotation, to provide location 
information after a loss of power or control. 

  

Figure 14-15: Carousel drive system exploded view 

 

 

Figure 14-16: Carousel drive system cross sectional view 

The five sets of filter clamps are mounted on posts that are supported off of the rotating ring of the 
Carousel.  As shown in Figure 14-17, the clamp mechanism is spring-activated and normally clamped, 
ensuring that the filters are held in place even during a power failure or loss of control signal.  The clamp 
block and mechanism must securely hold the filter during all operational and seismic accelerations and 
in all standard camera attitudes, while maintaining filter alignment to ensure that it can be successfully 
picked up by the Auto Changer trucks. 
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Figure 14-17: Carousel filter clamp showing retaining balls engaging on filter support shaft 

The Carousel includes filter clamp release mechanisms that release the spring-activated clamp after the 
filter is grabbed by the Auto Changer trucks.  This release mechanism is normally disengaged, so power 
is required to engage it and release a filter clamp.  One release mechanism will be mounted to the 
camera housing opposite each filter clamp at the stand-by location, and used for releasing any of the 
filters.   

Because a non-powered rotating component of the carousel is preferred, there must be a method of 
transferring power to the clamp mechanism release.  This is done through a series of magnetic 
couplings, shown in Figure 14-18. The magnetic couplings transfer torque from a motor attached to the 
camera back flange to the filter clamp release cable.  These small release motors flank the stand-by 
position clamps.  The magnetic couplers allow for some misalignment and allow enough clearance for 
carousel rotation.  When the selected filter is moved to the stand-by position, its half of the magnetic 
couplers aligns with the release motors. 



LSST Camera Conceptual Design Report 

392 
 

  

Figure 14-18: Magnetic coupling detail for clamp mechanism release 

The structure holding the filters in place is currently Aluminum, but a carbon fiber composite structure is 
being evaluated.  The current structure, shown in Figure 14-19, is sufficient in stiffness and strength.  A 
finite element analysis was performed to calculate the natural frequency, dynamic deflections and 
stresses, and the margins of safety were found to be acceptable.  Example results of the analysis are 
shown in Figure 14-20. 

 

Figure 14-19: Carousel filter support structure 
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Figure 14-20: Carousel filter support structure stress analysis results 

Simple hand calculations for highest risk items were performed for sizing the clamps.  Prototyping and 
strength testing of the clamps has been performed to verify the operation and strength of the 
components.  The design evolution of the filter clamp progressed from a simple proof of concept, to a 
fail-safe clamp, to a clamp with integrated sensors and release mechanisms, to the 4th generation 
prototype that refines material selections, mechanical packaging, and optimization based on previous 
prototypes.  A visual evolution of the prototyping work is shown in Figure 14-21. 
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Figure 14-21: Carousel clamp prototyping work and results 

Preliminary sizing of the ring gear and pinions is complete including stress analysis under worst case 
environmental and operational loads.  The filter support structure preliminary finite element analysis 
has been completed for the unoptimized structure and shows positive margins for all components.  
Clamp prototypes were successfully tested, showing load capability 5X higher than the worst case filter 
mass, and unlocking performance at higher than the filter mass.  Calculations on contact stresses and 
the bearings show positive margins and a service life of greater than 15 years.  The dynamic 
displacement of the filters is calculated to be 0.26mm which is less than the minimum static clearance.  
All in all, the carousel conceptual design is robust and meets all key driving requirements. 

14.6 Filter Loader Design & Analysis 
The Filter Loader is a piece of support equipment that is not used during normal camera operations, but 
solely during a servicing/access period for removing a filter from the camera and installing a new filter in 
its place.  The Filter loader mounts to the +Y side of the camera when the telescope is in its parked 
position with +Y pointing up and +Z pointing to the horizon.  The Filter Loader interfaces to the camera 
through the Filter Loader Access Port in the Auto Changer structure, as shown in Figure 14-22.  First, the 
dust covers on the Auto Changer and Filter Loader are removed and the Filter loader is lowered onto the 
Auto Changer’s port.  A series of fasteners are used to ensure a hermetic seal as well as prevent relative 
motion during the filter swap out. 
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Figure 14-22: Filter loader to Camera Body interface 

As shown in Figure 14-23, it is comprised of a clean sealed volume that houses a filter to keep it clean 
during the swap-out process.  There are at least two identical Filter loader units:  one for storing the out-
going filter, and one that carries the incoming filter before it is inserted into the camera.  In a filter swap 
out, an empty Filter Loader is first attached to the Camera.  A drive motor controls the extension and 
retraction of by turning a ball screw that moves the Extension arm.  The Filter Carrier is attached to the 
extension arm, guided by rails along the sides of the Loader’s box structure, and interfaces with the filter 
in the Hand-Off position in the camera volume. 
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Figure 14-23: Filter loader housing a filter, with detail of the filter clamp mechanism 

Support bosses in the Filter Carrier align with pins in the Filter, the same pins as used in the Carousel 
clamp, and are drawn tight with a central clamping mechanism that restrains and preloads the filter to 
the Carrier.  Additional details can be seen in Figure 14-24, below.  After the clamp is engaged, Filter 
Latch actuators release the filter from the trucks by pressing the latch release on the Filter Assembly.  
The trucks are moved backwards, the Latch actuators return to their stowed positions, and the filter is 
retracted into the Loader box.  The Loader is demated from the Camera, the dust cover is replaced and 
the Loader is transported by the crane to the ground.  The desired filter for installation, inside another 
Filter Loader, is lifted to the camera and the process is reversed to install the new filter. 
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Figure 14-24: Additional design details in the Filter Loader design 

As described above, the clamp mechanism restrains the filter as well as preloads it to the Filter Carrier.  
This dual action is achieved through the use of a single linear actuator attached to cams that define the 
motion of four clamping arms.  The clamping arms are shaped thus to provide the needed preload equal 
to twice the weight of a filter, in order to maintain preload in the event of seismic loads.  The hooks at 
the end of the clamping arms interface with the filter at an angle to prevent the clamp from inadvertent 
disengagement.  Because the Filter Loader clamp is a complex mechanism with delicate spring arms, a 
detailed stress analysis was performed on this part, deemed to be the highest risk in the Filter Loader.  
The analysis provided guidance for some design changes to optimize performance.  Figure 14-25 shows 
the results of the clamp analysis. 
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Figure 14-25: Filter loader clamp stress analysis 

Cyclic loads analysis was also considered.  It is currently assumed that there will be four manual filter 
changes per month.  Over one year, this is 48 changes, and over the 15 year lifetime, ~720 changes.  A 
minimum of two Filter Loaders are needed to work in tandem to execute a manual change within the 
1.5 hour required timeframe.  With these parameters, the cyclic loads are benign and the Filter Loader 
assembly is expected to perform for 15 years without maintenance. 

The structural analysis and sizing of the Filter Loader clamp is complete and shows good margins of 
safety.  Optimization is possible and warranted in future design efforts.  A first order cyclic fatigue 
analysis has been completed and none of the major components experience a high number of cycles 
over the entire 15 year design life.  There are no high risk items in the Filter Loader structure.  Additional 
analysis of the other components (such as the ball screw and clamp failsafe analysis) subjected to the 
environmental loads will be completed in conjunction with the development prototyping effort. 

14.7 Assembly & Test 
This section describes assembly and test of the Auto Changer and Carousel. An assembly and test 
sequence is not presented for the Filter Loader, a relatively straightforward external system used for 
Camera servicing. 

The Auto Changer assembly sequence is illustrated in Figure 14-26. Once the support frame is 
assembled, it is inspected for squareness and correct positioning of mount points and interfaces. Next, 
the curved rails are mounted on the support frame, then aligned. Trucks are fit checked before assembly 
continues. Once fit is verified, the drive system and motor are installed and confirmed to function as 
specified. Next, the yoke, linkage, and trucks are mounted; this is the first stage at which functional, 
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load, and alignments tests on an integrated assembly can be performed. Once these verifications are 
complete, the on-line clamps are installed, followed by the flip rails. Auto Changer assembly is complete. 
A full suite of functional, proof load, and alignment tests are performed before delivery for integration. 

 

Figure 14-26: Auto Changer assembly and test sequence 

The Carousel assembly sequence is illustrated in Figure 14-27. Initial steps involve mounting rails, pads, 
and ring gear on the unit’s back flange, with verification of their flatness and concentricity. Motors, 
brakes, and encoders are mounted; checks are performed to confirm proper functioning of motor 
controllers and to verify that motors respond correctly to commands from the CCS. Next, the central 
support cylinder and posts are installed and the position and concentricity of the clamp mount points 
are confirmed. The final steps in the sequence focus on mounting the Carousel clamp and testing of the 
clamp mechanism and controls, ending with a full verification test driven by the CCS using dummy 
filters. The Carousel is then ready for integration. 
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Figure 14-27: Carousel assembly and test sequence 

14.8 Alternative Analysis 
The choice of a free-standing exchange mechanism was based on analysis performed early in the 
Project. Background on this choice is presented in Chapter 4. 

As of this report’s publication, 13 alternative analyses involving the free-standing design are complete, 
one is in progress, and a last is being planned. The earliest trade studies, now complete, addressed 
general considerations: the overall system configuration, modularity and design of the changer 
mechanism, and the number of on-board filters. As the design has matured, trade studies have become 
more specific, covering trade-offs for the filter swap-out method and carousel rotation mechanism. The 
most recent and detailed analyses address the choice of carousel clamp and carousel structural 
materials. This section describes the most important trade studies for the Auto Changer, Carousel, and 
Filter Loader. 

14.8.1 Auto Changer/Filter Loader Trade Studies 
A trade study for the overall configuration was performed, comparing rotary wheel, linear slide, folding 
cartridge and carousel designs. Cost, as well as development and operational risk, were the primary 
factors considered. Folding cartridge, linear slide, and rotary wheel designs were simple and/or had 
heritage from other projects, but all three designs interfered with or outright blocked light from the 
Telescope M2 mirror. Only the carousel design leaves M2 unimpeded; the carousel design also 
minimizes impact on telescope etendue and vignetting and provides a clean operating environment.  
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Driven primarily by tight packaging constraints, the choice of Auto Changer mechanism came down to 
arm, gantry, single-rail, and double-rail designs. The double-rail design was the only technically viable 
solution that fit into the available space. While the design consumes volume for additional track and 
truck wheels, it is the most structurally stiff design (allowing for good alignment) and requires only 
simple, low-torque, and low-power actuators. 

An early trade study addressed the filter load/unload mechanism. Three options were considered: a 
Filter Loader, a swap system integrated with the Auto Changer, and use of a simple rigging fixture. The 
Filter Loader design was chosen, primarily because it ensures that filters are kept within a class 100K 
contamination zone and because a dedicated design can provide fully guided motion, independent of 
the Auto Changer and any rigging fixtures, minimizing the odds of filter damage. 

14.8.2 Carousel Trade Studies 
The choice of carousel rotation mechanism came down to the use of large-diameter ball bearings versus 
curved rail sets with discrete carriages provided by THK. Analysis showed that THK rails have better 
availability and integration flexibility, while meeting load and accuracy requirements. 

Reliability, minimal footprint, and cost drove the decision on Carousel clamp mechanism. Rotary balls, 
cam-lock balls, and wedges were all discussed. A rotary ball-detent clamp design was chosen, since it 
provides reliable and jamb-proof clamping and un-clamping with a simple actuation method. 

Finally, the most recent, ongoing analysis centers on material choice for the Carousel structure. This 
analysis is in the planning stages. 
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15 Shutter 

15.1 Introduction 
The LSST camera requires a shutter to interrupt light while the image is read out and the telescope is 
being aligned for the next exposure. The shutter will be mechanical. There are electronic ways to 
provide the shutter function for a CCD camera but they all come with greatly reduced image resolution 
or light gathering capacity. Standard CCD video cameras transfer pixel image charge sideways on to 
parallel pixel columns shielded from light by evaporated aluminum. Shielded pixels are read out during 
the next exposure. This "frame transfer" technique takes up half the focal plane. Shutters based on 
polarized light electro optics are often suggested but the polarization process itself discards half the 
incident photons. To photograph the faintest astronomical objects with a CCD camera requires a full 
frame mechanical shutter. 

The shutter for the LSST camera lies tightly packaged between the L3 lens/cryostat window and the 
filter.  It controls the length of time that the sensors on the focal plane are exposed to an image while 
blocking out all stray light when closed during read-out of the CCD sensors.  As shown in Figure 15-1, the 
shutter is a two-curtain design, where flat blades move across the focal plane to start or end an 
exposure.  This double-acting shutter includes two shutter blade stacks.  The first opens to one side to 
expose the FOV, beginning the exposure; then, the second blade set occludes the FOV by extending 
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from the opposite side, traveling in the same direction as the first.  For the next exposure, the process is 
reversed.  This provides a uniform exposure time for all pixels, since the first pixel exposed by the 
trailing edge of the first curtain is also the first blocked by the leading edge of the second. 

 

 

Figure 15-1: Double acting shutter motion for an exposure 

15.2 Requirements 
Key requirements for the Shutter are listed in Table 15-1.  The shutter key performance requirements 
emphasizes the fact that shutter performance is primarily measured by the precision of its trajectory.  
There is a focus on exposure timing and measurement precision, which largely affect the photometric 
accuracy of the images.  When considering exposure uniformity, however, the shutter obviously cannot 
correct the exposure for such effects as dark current or vignetting.  Of the remaining performance 
requirements, there are two basic topics.  The first is that the shutter must perform reliably over the life 
of the telescope, opening and closing at a nominal cadence of once every 15 seconds.  This adds up to 
many open/close cycles over the life of the shutter, with minimal time available for significant 
maintenance.  The next pair of requirements address light baffling when the shutter is open, and light 
attenuation when it is closed.  The shutter is the only mechanism in the telescope’s field of view light-
cone, so it must not scatter light onto the detector plane when open, and must also provide a “light-
tight” seal when closed. 

The timing and control key requirements are related to the repeatability and uniformity requirements 
because the timing information provided by the controller must be sufficient to enable the accurate 
reconstruction of the exposure timeline.  The timing and control requirements will be demonstrated 
through prototyping and development testing.  The shutter mechanism must maintain adequate static 
and dynamic clearance independent of camera orientation. Shutter motion control must compensate 
for changes in the direction of gravity. Finally, the strict contamination control requirements will be met 
by adapting the camera air handling system to remove particles generated by the belts and moving 
parts.  Air is injected on one side of the shutter and exhausted on the other side creating a blanket of 
airflow across the FOV.  Particles generated by the shutter or other sources that have landed on 
adjacent optics will be moved by the air flow into a dust collection filter. 
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Additional detail on how requirements are met through the conceptual design will be discussed in the 
design sections below. 

Table 15-1:Shutter driving requirements 

 

15.3 Shutter Design Description 

15.3.1 Functional Design Overview 
Mechanical shutters for telescope cameras have been of either the roll-up window shade type as used 
on Hyper Suprime-Cam [1] or the rigid blade type as developed at Bonn University by Klaus Reif [2]. 
LSST's camera uses rigid blades guided by linear bearings and driven through toothed belts similar to the 
Bonn shutters. Opening and closing blade systems sweep across the focal plane from parking places at 
opposite ends of a common track. Because the LSST focal plane is 750 mm in diameter and the camera is 
in the optical beam of the telescope, blade parking space is limited. The LSST shutter blades are 
manufactured from carbon-fiber face sheets and a high-density foam core.  Each blade set is divided 

Requirement Title Requirement

Performance Requirements

Lifetime The shutter shall be designed for an operating lifetime of 15 
years.

Exposure duration 
repeatability

The repeatability of the exposure duration shall be controlled 
or measured to within 5 milli-seconds

Exposure duration 
uniformity

The uniformity of the exposure duration for all pixels shall be 
controlled or measured to within 5 milli-seconds. 

Max opening time The shutter open time shall be 1 second or less
Max closing time The shutter close time shall be 1 second or less

Clear field of view When open, the shutter and all of it constituent parts shall not 
obscure the field of view

Light scattering
All components with a direct view of the field of view shall 
either be shielded by light baffles, painted flat black, or 
treated/shaped to minimize scattering

Stray light Closed,  the shutter shall admit < 2e7 photons/m^2-sec, with 
an ambient illumination of 1 lux at 550 nm

Weight The Shutter Assembly mass shall not be greater than 45 kg.

Center of gravity

The Shutter Assembly z-axis center of gravity shall be greater 
than -75 mm from the interface defined in the Shutter Interface 
Definition Drawing. (LCA-73) using the z axis direction defined 
in the Camera Coordinate System.

Compliance with Shutter 
IDD

The shutter shall comply with interfaces and stay-clears 
defined in LCA-73

Operational loads The shutter shall perform within specification while subject to 
any of the operational load cases listed in Table 1 of the LSST 
Camera Environmental Specification (LCA-68).  

Seismic loads The shutter shall be designed to survive the seismic load 
cases described in Table 5 of the LSST Camera 
Environmental Specification (LCA-68), at all stages of 
assembly and integration, in any standard orientation of the 
assembly, and while off or in any on state.
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into 3 sections which, in the parked position, stack one above the other to conserve space. Each blade 
has its own drive belt. Each set of 3 blades is driven by a single motor. The motions of the 3 blade 
sections are coordinated by 3 different wheel diameters on a single capstan drive shaft.  All blades run 
on a common set of guide rails.  The present state of the shutter design is shown in Figure 15-2. 

 

Figure 15-2: LSST Shutter Conceptual Design Components 

Shutter operation begins from closed with one blade set covering the focal plane. Exposure starts with 
blade retraction to its stacked, parked position. Exposure ends with extension of opposite blade set in a 
coordinated telescoping motion to cover the field of view. Using two blade sets following in the same 
direction is necessary for uniform exposure over the field of view. Shutter space constraints are 
extremely tight. In addition to limited blade parking space on each side of the focal plane, the shutter 
must fit into the gap between the camera's optical filter and the front window to the cryostat, lens L3.  
The path of the filter exchange mechanism barely clears the shutter track on the side of the guide rail. 
Consequently, blades are driven in cantilever fashion along a single drive rail. On the guide rail side, 
there is room for only a small light weight linear guide bearing.   

15.3.2 Interfaces to CCS and Camera 
Shutter -Camera interfaces are defined by the requirements. The Shutter component must 1) allow for 
removal and installation of the shutter assembly in one piece, 2) accommodate an airflow and filtration 
system, and 3) operate in all camera orientations.  Removing and installing the shutter in one piece is 
important because it preserves the calibration and performance verification of the shutter in the lab 
until the time it is installed in the camera.  It also allows the shutter to be replaced quickly during the 
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short daytime maintenance times.  The airflow and filtration system interfaces with the camera cooling 
system to direct temperature controlled air over the surface of L3.  This served to prevent plumes in the 
imaging, but also to constantly carry away particulates to a dust collection filter.  Air is forced through a 
series of holes drilled into the guide rail side of the shutter and flows across the surface of L3 until it is 
vacuumed at the drive rail side of the shutter.  Any particulates generated by the toothed belt are 
vacuumed into the dust collection filter in the airflow interface.  Finally, the shutter must operate in any 
camera orientation.  When the Camera points near zenith, gravity does not tend to act on the drive 
system.  However, when the Camera is rotated toward the horizon, gravity can exert a force on the 
shutter drive system.  When the shutter starts its motion, the controller transfers holding torque from 
the brake to the motor.  To prevent backsliding of the shutter blades, it is necessary for the motor to 
start applying torque before the brake is released.  The smooth handoff of torque from the brake to the 
motor is currently under development in the conceptual shutter test bed, as seen in Figure 15-3. 

  

Figure 15-3: Conceptual Shutter testbed 

15.3.3 Controls 
The full shutter system has 2 groups of 3 blades, both moving on a single track system. A testbed shown 
in the above figure has been built to study shutter dynamics and develop measurement and control 
systems. A simulation has been made of the dynamics of a single blade with cantilever drive [3]. 
Interactions between simultaneously moving blades were ignored. A schematic for the single blade 
model is shown in Figure 15-4.  The model takes into account the rotational inertia of the drive motor 
and capstan J1. The stretch and damping of the toothed drive belt  are k1, b1.  The masses of the linear 
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bearing and blade are m2, m3 while the frictions of the two linear bearings are b2, b3. Of major design 
importance is the rotational stiffness k3 of the blade mount on to the linear bearing.  The ratio of k3 to 
the blade's rotational inertia J3 must be stiff enough to prevent angular vibration as it is accelerated.  
Natural frequency of blade oscillation around its mounting to the linear bearing is about 45 hertz.  A 
detailed finite element model of the leading edge blade has been performed to calculate the values of 
these parameters. 

 

Figure 15-4: Shutter single blade model schematic 

The present specifications for blade motion are a stroke of 750 mm and an actuation time of 1 second. 
The shutter is too large and the stroke time too short for uniform blade velocity to be used. The 
required accelerations and decelerations would be too great. To limit the required acceleration and 
sudden force reversals, blade velocity must vary continuously over the entire stroke. We have adopted a 
smooth point-to-point trajectory commonly used in the motion control industry called `S'-wave shown 
in Figure 15-5. 
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Figure 15-5: Shutter blade ‘S’-wave motion profile acceleration, velocity and position 

The Bonn shutters are based on stepper motor technology used in industrial automation. Machine tools 
and other dynamic systems usually employ servo motor technology. For the LSST Shutter the Project has 
initially chosen a DC servo over stepper motors, but the choice of motor type is not final. Stepper 
motors have a simple holding torque for static positioning but we wish to avoid power dissipation during 
exposures so the project has purchased a servo (Parker BE 231) with built-in electro-mechanical brake 
which must be electrically released at the start of each blade stroke. Standard servo error feedback is 
Proportional+Integral+Derivative or PID. Servomotor response has been computed for the single blade 
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model of Figure 15-6. The feedback block diagram is shown in Figure 15-6 and the system response in 
Figure 15-7. 

  

Figure 15-6: Servo motor and blade dynamics block diagram. 

  

Figure 15-7: Servo motor and blade response to S-wave input.  Peak acceleration is 0.6G. 

15.4 Shutter Design & Analysis 

15.4.1 System Exposure Uniformity Analysis 
For uniform exposure across the focal plane, opening and closing blade motions must move in the same 
direction with the same velocity profile. Constant blade velocity is not needed for uniform exposure. If 
the shutter were mounted inside the cryostat directly in front of the focal plane, star light would be 
extinguished at each pixel the instant the leading edge of the shutter passed over. But the LSST shutter 
is outside the cryostat, 105 mm in front of the focal plane. At the shutter plane, light converging toward 
the pixel is a donut shaped ring with radii of 28 mm and 20 mm.  The pixel's aperture closes gradually as 
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the shutter sweeps across this cone of light converging on the pixel. If A(t) is the exposed aperture area, 
the pixel exposure time is: 

 

Instantaneous intensity 0 is plotted for a number of pixel locations along the shutter's path in 
Figure 15-8. 

 

Figure 15-8: Pixel exposure for shutter at 105mm in front of focal plane.  Red plots the motion of the opening 
and closing blade edges. 

Exposure waveforms near the ends of the blade stroke are distorted by blade velocity variation across 
the pixel's aperture. Nevertheless, each pixel's total exposure as measured by the area under the 
intensity curve is everywhere the same. Figure 15-9 shows how deficits and surpluses of exposure 
compensate over a pixel's exposure as long as shutter opening (blue curve) and closing (red curve) 
trajectories match. 
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Figure 15-9: Pixel exposure geometric intensity A(t)/A0 for shutter sweep across a pixel near the edge of the 
field of view (x=r1=28mm) where the blade is accelerating. 

15.4.2 Finite Element Analysis 
There are 3 coupled force equations for acceleration of the motor capstan, linear bearing and shutter 
blade; the system is driven by a prescribed motor torque.  The resultant equations of motion are of little 
use in calculating blade drive motion without realistic numerical values for the system parameters.  
Accurate values for some of these come directly from product catalogs while others depend on 
calculated values.  A finite element analysis of the shutter blade was performed to calculate these 
unknown parameter values. 

Numerical simulation results for the present design are heavily dependent on the numerical values of 
the system parameters.  With the combination of published and derived parameter values, the main 
deviation from the desired blade motion is 0.8mm tip deflection due to cantilevered drive.  The blade 
and its guide bearing are capable of a 45 Hz vibration but with sufficient bearing friction and a smooth 
application of motor torque, this vibration is not excited.  A certain amount of bearing drag force is 
desirable to damp vibration.  Mechanical noise due to individual steps or drive belt teeth is not included 
in this analysis. 

The results of the dynamic analysis, i.e. peak accelerations, were applied to the shutter blade FEA model 
and corresponding stresses, deflections and buckling critical loads were calculated.  The margins of 
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safety are extremely high for the load experienced during shutter actuation.  This is partly because this 
exposure uniformity demands extreme stiffness. Fatigue failure is not an issue. 

15.5 Position Monitor System 
Position versus time knowledge defines shutter performance.  Uniformity of exposure across the focal 
plane depends on replication of motion between opening and closing.  Position detectors are needed at 
home and deployed positions, and a motion measuring system is needed to verify shutter performance.  
Trajectory resolution needs to be within fractions of a millimeter and fractions of a millisecond.  
Maximum blade velocity is 1.5mm/msec.   

15.5.1 Blade Position Monitoring Plans 
Precision of blade parking location and stroke trajectory are critical for exposure uniformity. The shutter 
needs 0.1 millisecond, 0.1 mm measurement sensitivity. The options for measuring position and motion 
are limited. Stray light from optical position sensors is not compatible with an astronomical telescope. 
Any sensor head mounted on the moving shutter must drag along its readout cable. We are developing 
a motion detector system based on small (3 mm) neodymium/iron permanent magnets and Hall Effect 
magnetic switches as used in the automotive industry. Modern Hall switches are inexpensive, fast (.25 
microsecond switching) with 200 gauss switching threshold.  Hall switches mounted along the blade 
track will sense the passage of NdFe magnets mounted to the moving shutter blade. Hall switches will 
be used for both setting the blade starting or ``home" location and for detecting the blade passage 
during the shutter stroke. Using 8 magnets on the leading blade and 3 Hall switches along its track will 
produce (3 switches)*(8 magnets)*(2 switch points) = 48 switching times along the blade stroke. Spatial 
locations of switching points can be precalibrated using the servo's shaft encoder.  The blade trajectory 
monitor is sketched in Figure 15-10. A prototype has been built and measurements with this system 
indicate that the servo motor driven blade follows its prescribed S-wave trajectory with sub-millimeter 
accuracy.  

  

Figure 15-10: Hall switch blade trajectory monitor. 
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15.6 Assembly & Test 
The Shutter assembly sequence is illustrated in Figure 15-11. Assembly begins when the drive rail is 
mounted to the drive rail support, with careful alignment of the drive rail to its mounting fiducials. 
Motors and capstans are then installed, and motors are verified to respond correctly to commands from 
the CCS. Once verified, the Shutter blade assembly is mounted and hard stops used to prevent collisions 
with L3 are placed. Next, drive belts are installed and their alignment checked. Once the guide rail is 
installed on the undriven side (Step 5, below), the Shutter is ready for its main functional tests. Proper 
blade motion is demonstrated. At this stage, critical requirements on exposure time and light-tightness 
can be verified. When these tests are complete, the Shutter can be integrated with the Camera Body. 
After integration, the airflow and filtration system can be tested. 

 

Figure 15-11: Shutter assembly and test sequence 

15.7 Alternative Analysis 
Early high-level trade studies considered the overall configuration of the Shutter subsystem. More 
recent studies are examining the drive system design and alternative position monitoring technologies. 
Detailed studies of blade count and motor type are also underway. This section describes the most 
important trade studies for the Shutter. 

In terms of the overall configuration, the baseline design was selected after comparing various formats 
(rigid vs. roll-up blade vs. electro-optical), configurations (drive from one side versus drive from two 
sides), and maintenance issues (modular vs. built-in). Tight space requirements led to a rigid blade 
format. A single-sided drive mechanism – proposed here as the baseline design – simplifies the Shutter 
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and makes efficient use of space, but a cable and pulley design that provides very good control of 
shutter blade vibration is still under consideration. 

For driving and synchronizing shutter blades, the design team has settled on the use of Bonn-style belt 
drives: they are simple and can be tightly packaged.  The team has also chosen Hall Effect Sensors after 
considering optical and other sensor technologies. However, drive rail designs are still being debated, 
with the main trade-off being better rail stiffness using individual drive rails vs. simplicity and packaging 
benefits using shared drive rails. 

Finally, detailed trade studies of 2- vs. 3-bladed designs and use of stepper vs. servo motors are 
underway. 
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16 Camera Body 

16.1 Introduction 
The Camera Body is the structural backbone to all of the other Camera subsystems and also serves to 
regulate the Camera temperature.  It consists of four primary parts: the backflange, Camera Housing, 
Viton skirt, and cooling system, as shown in Figure 16-1. 

  

Figure 16-1: Camera Body components, features and interfaces 

The backflange is a circular ring with a triangular cross-section machined from 6061-T6 aluminum.  It has 
a series of concentric rows of holes to which attach the 1) Carousel, 2) Cryostat, 3) Camera Housing, 4) 
I&T stand, and 5) telescope Rotator.  The backflange also houses the Carousel motor, brake and 
electronics assemblies and has holes and channels for cooling ducts and cable runs from the Cryostat’s 
utility trunk into the Camera volume. 
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The Camera Housing, a 6061-T6 aluminum cylindrical weldment and attaches to the Back Flange and 
provides the mechanical interfaces for the Auto Changer, flip rails, shutter assembly, L1/L2 assembly and 
cableways and cooling ducts.  There is a notch along the Camera Housing’s +Y top flange to allow the 
Auto Changer to be installed and removed in one piece without disturbing any other assemblies.  On the 
–Y side of the top flange, the Auto Changer is constrained in the Camera Z-axis with Titanium flexures.  
On the walls of the Camera Housing, the flip rails for the Auto Changer are attached and aligned to the 
Carousel’s standby position.  Also on the top flange, the shutter and L1/L2 assemblies are attached.  
Cabling and low profile cooling ducts are integrally routed along the inside surface of the Camera 
Housing.  The blower and associated electronics for the cooling system are located in the utility trunk at 
the back end of the Camera. 

16.2 Requirements 
The Camera Body key driving requirements are listed below. 

Table 16-1.  Camera Body Driving Requirements 

 

Requirement Title Requirement

Camera mechanical 
interface

The camera assembly mechanical interface to the rotator shall 
be as defined in LSE-18 

Auto Changer Interface The camera body shall support the Auto Changer as defined in 
the Auto Changer Interface Definition Drawing (LCA-74)

Carousel Interface The camera body shall support the Carousel as defined in the 
Carousel Interface Definition Drawing (LCA-70)

Cryostat Interface The camera body shall support the Cryostat as defined in the 
Cryostat Interface Definition Drawing (LCA-78)

L1-L2 Interface The camera body shall support the L1-L2 as defined in the L1-
L2 Interface Definition Drawing (LCA-77)

Shutter Interface The camera body shall support the shutter as defined in the 
shutter Interface Definition Drawing (LCA-73)

Mass The Camera Body mass shall not be greater than 290 kg.
Operational loads The Camera Body shall perform within specification while 

subject to any of the operational load cases listed in Table 1 of 
the LSST Camera Environmental Specification (LCA-68).  

Seismic loads The Camera Body shall be designed to survive the seismic 
load cases described in Table 5 of the LSST Camera 
Environmental Specification (LCA-68), at all stages of 
assembly and integration, in any standard orientation of the 
assembly, and while off or in any on state.

 

The primary function of the Camera Body is to serve as the common structural backbone of the Camera, 
the mechanical interface with the telescope Rotator as well as keep the Camera internal air temperature 
to within 1°C of the dome temperature.  All of the Camera Body interfaces must be precisely positioned 
to ensure adequate optical performance.  The interface tolerances have been specified, along with any 
additional adjustability designed to allow the needed installation precision is obtained.  When subjected 
to external loads, the optical elements can tip, tilt, and piston and move with respect to each other, 
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resulting image quality degradations.  The Camera Body structure and load paths have been optimized 
to take optical element positional deviations into account and minimize their impact on image quality.  
Whenever the telescope is repointed, there is a settling period before an image is taken.  These 
vibrations, however, are not completely attenuated, so whatever residual vibrations there are must be 
taken into account.  The Camera Body transmits these vibrations into the rest of the structures 
proportionally to the gravity component.  The impact has been evaluated and is small.  Finally, thermal 
changes in the Camera Body can cause expansion or contraction that could affect optical element 
positions.  Much design and analysis effort was put into the calculation of thermal distortion effects and 
how to minimize them.   

The telescope is designed to support the Camera mass with a resulting first natural frequency of 
approximately 12 Hz.  In order to prevent dynamic coupling with the telescope the Camera first natural 
frequency is desired to be at least a factor of 2 above the telescope frequency.  Since the Camera Body 
supports all the Camera mass and transfers it into the telescope interface, the mass loaded natural 
frequency of the Camera Body must also be above 25Hz.  Entering the telescope, the light beam passes 
by the Camera Housing’s outer surface.  Because of this, Light scattering is a concern and all of the 
Camera components must be contained within the boundaries of the Camera Housing.  It is also 
important that the Camera Body does not have irregular shapes protruding or causing light scattering.  
To minimize stray light entering the Camera at oblique angles, a Viton skirt or band seals the gap 
between the Camera Body and the L1/L2 structural ring.  Finally, the Camera cooling system is 
integrated with the Camera Housing.  The Camera volume air temperature must match the external 
dome temperature in order to avoid optical distortions from thermal plumes.  NOTE: external air cannot 
match temp, see Rick VB - There is a blower attached in the utility trunk that draws cold air from the 
dome and transports it into the Camera volume to take away heat generated from the shutter and filter 
changer mechanisms. 

16.2.1 Derived Thermal and Structural Requirements 
Some requirements are given for the full Camera assembly performance and must be parsed into 
related subsystems.  The Camera Body is the structural backbone of the Camera and must therefore 
carry a significant role in overall Camera stiffness and image quality.  Requirements for the Camera Body 
are derived from the full Camera structural analysis.  Although the interface stiffnesses and thermal 
stability of the Camera Body have not been fully defined yet, the design was optimized at the Camera 
system level to ensure image quality goals were met.  From this conceptual design, subsystem derived 
thermal and structural requirements will be specified for the final design effort. 

16.3 Camera Body and Purge System Design Description 
As described above, the Camera Body and purge system comprises four essential parts: 1) Back flange, 
2) Camera Housing, 3) Viton skirt, and 4) Camera purge and cooling system. 

The back flange, Figure 16-2, is a toroidal ring with a right-triangular cross section and inner annulus.  In 
the triangular cross-section, there are bulkheads at regular intervals that increase the strength and 
rigidity.  Between bulkheads, rectangular holes are cut out of the outer cylindrical face to allow 
packaging and access to hardware, such as Carousel motors and controllers.  The planar surface 
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interfaces with the Telescope Rotator via two rings of screws, and has an additional annulus extending 
radially inwards to mate with the Cryostat. These screws are inserted through the Cryostat’s spacer 
cylinder and into threaded holes (“A” in the figure) in the back flange.  There are also two pins in the 
flange that engage a socket and slot in the Cryostat spacer; these pins are used to align the Cryostat with 
respect to the Camera Body.  All of the fasteners and alignment pins are recessed from the planar 
surface of the Back Flange. 

  

Figure 16-2: Back flange cross-section and interfaces 

The planar surface has three circular hole patterns.  The outer hole pattern (“B” in the figure) comprises 
through-holes where the screws are inserted through the Back Flange and into a threaded interface on 
the Rotator.  The inner hole pattern has two circular hole patters superimposed.  As described above, 
the Cryostat spacer flange engages one set of holes (“A”).  Interfacing to the second set of threaded 
holes (“C”), screws are inserted through holes in the Rotator, through the Cryostat Spacer flange and 
threaded into the Back Flange; the Cryostat Spacer flange is clamped between the Back Flange and the 
Rotator.  The third ring (“D”) is used during the Camera integration sequence instead of holes “CAC” and 
so that the Cryostat can be integrated into the Back Flange.  

On the annular portion of the planar face on the interior side of the Camera, there is a ring of threaded 
holes to which the Carousel circular bearing is attached.  The motors and brakes for the Carousel are 
mounted in the volumes between bulkheads.  Camera Control System and power cables originating in 
the Utility Trunk pass through wiring ports and channels machined in the Cryostat spacer flange and the 
back flange, see Figure 16-3. Similar channels are made to pass the Camera purge and cooling ducts 
from the Utility Trunk to the inner Camera volume.  At first glance, the grooves in the Back Flange may 
appear to weaken the structure, but the Back Flange is fastened to an extremely stiff Rotator structure 
through an efficient load path.  The loads are primarily transferred to the Rotator through the fasteners 
and not through bending.  Thus, the Cableway channels do not have an appreciable effect on the Back 
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Flange structural properties.  Finally, the Camera Housing is attached to the point of the triangular cross 
section.  Fasteners are inserted through holes in the flange and into threaded holes in the back edge of 
the Camera Housing. 

  

Figure 16-3: Cableway through back flange 

Inside the Camera Housing, along the wall, there are bosses used to precisely mount the flip rail 
mechanism.  The location of these mounting bosses with respect to the Back Flange is very important 
because it defines the handoff between the Carousel and the Auto-Changer.  The walls of the Camera 
Housing also have small circular access ports to allow servicing of the carousel clamps and flip rails 
without significant deintegration of any Camera components.  The holes are large enough to allow good 
tool access but small enough to not affect stiffness or stress fields adversely. 

In order to remove the Auto Changer from the Camera in one piece, it was necessary to cut a section out 
of the Camera Housing Top Flange.  Since the housing is relatively thin and compliant, this cutout could 
not be left open, so a closeout panel was devised to transfer loads in the Camera Body while 
maintaining a near-kinematic mount for the Auto Changer.  The closeout panel’s interface to the Camera 
Body consists of two pins and 4 screws.  The pins are arranged to fix 4 degrees of freedom:  translation 
in Y-CCS and Z-CCS and rotation in RY-CCS and RZ-CCS.  The bolts in combination with the closeout panel 
structure constrain the Auto Changer in the X direction; the final degree of freedom, RX-CCS, is 
constrained by flexures at the other end of the Auto Changer.  By eliminating an over-constrained 
condition, the interface repeatability is improved. 
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Figure 16-4: Additional Camera Housing Interface details 

The purge system design has not been completed yet and is in a preliminary conceptual state.  The 
present plan is to design the system concurrently with Camera Body design updates.  To optimize 
packaging in the tight Camera Body volume, the air ducts, plenums, and output ports would be low 
profile and could be directly machined or bonded to the Camera Housing.   The blower for the cooling 
system is located in the utility trunk so as to attenuate vibrations from the blower motor.  Strategically 
placed thermal sensors will allow blower feedback control. 

The interfaces to the camera are defined in a series of interface control documents (ICD) and interface 
definition drawings (IDD).  These interface documents define the mechanical interfaces between the 
different assemblies, as well as define physical maximum dimensional information.  Because the space 
inside the camera is so tight, and alignments of the various subsystems impacts image quality, these 
definition drawings are of extreme importance.  The interface definition drawings related to the Camera 
Body are: 1) LCA-78, “Cryostat IDD”, 2) LCA-73, “Shutter IDD”, 3) LCA-70, “Carousel IDD”, 4) LCA-72, 
“Carousel Swept-Volume IDD”, 5) LCA-74, “Auto Changer IDD, 6) LCA-75, “Filter Loader IDD, 7) LCA-77, 
“L1-L2 IDD”, LCA-76, “Camera Body IDD”, and LCA-126, “Camera Opto-mechanical Definition Drawing. 

16.4 Camera Body Mechanical Design & Analysis 
An FEA model of the Camera was created and subjected to all anticipated Camera environmental loads.  
The resulting stresses and deformations were used to guide design changes and optimize load paths for 
optical image quality.  Representative stress contour plots are shown in Figure 16-5, Figure 16-6, and 
Figure 16-7. The load conditions for the plot are 1G acceleration in the Camera Coordinate System (CCS) 
Y-axis, Z-axis, and X-axis.  This would correspond to the telescope pointed at the horizon with no Camera 
rotation angle, zenith, and at the horizon with 90° Camera rotation angle.  It can be seen from these 
three figures that the minimum Factor of Safety, or the ratio of the allowable stress to the peak stress, is 
26.  This means that the Camera Body structure would be able to sustain a 26G acceleration before 
reaching its yield point.  Such margins give confidence that the current conceptual design is more than 
adequate for strength. 
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Figure 16-5: Camera Body stress contours when subjected to 1G acceleration in YCCS 

  

Figure 16-6: Camera Body stress contours when subjected to 1G acceleration in ZCCS 
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Figure 16-7: Camera Body stress contours when subjected to 1G acceleration in XCCS 

The Camera minimum natural frequency is 25Hz in order to ensure good modal separation from the 
Telescope mode of 12 Hz.  A mass loaded Camera Body model would be able to calculate the first mode 
effectively.  A Camera System FEA model matching design mass and CG was created that included all 
major structural components in order to give the most accurate static and dynamic predictions.  The 
normal modes analysis of the full camera model shows the lowest natural frequency to be 25.5 Hz, 
which is above the requirement.  Figure 16-8 shows the first mode, which is an L1/L2 assembly mode. 

 

Figure 16-8: First natural Frequency (25.5 Hz) ensures good modal separation from Telescope. 
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Thermal distortions of the camera body can induce optical image quality degradations.  The Camera 
Body was design to minimize the impact of thermal expansions by locating the optical mounts along a 
plane close to the Focal Plane.  In Figure 16-9, the distance from the Camera to Rotator interface is 
shown to the Focal Plane and to “Optical Element”.  The optical elements in this case are L1, L2 and the 
online Filter.  Since the Camera Body and Cryostat structures are both made from Aluminum, they will 
contract and expand at the same rate.  Since the interface plane at the Camera Housing Top Flange is a 
small distance from the Focal Plane, the difference in distortion is small.  The Auto Changer holds the 
filter in the online position and is mounted to the Camera Housing Top Flange.  The Shutter is also 
mounted to the Top Flange.  The L1/L2 assembly mounts to the Top Flange through 6 graphite epoxy 
composite struts.  These struts have near zero CTE so even though they experience a temperature delta, 
they will not change dimensionally very much.  Therefore, L1/L2 optics are also thermally stable.  
Because of the shorter camera body, the thermal distortion effects have been minimized. 

  

Figure 16-9: Camera Body design for thermal distortion 

The preliminary structural analysis of the camera body shows it is adequate for strength, stiffness and 
thermal distortion.  In the next phase of final design, the structure can be optimized to reduce mass and 
improve dynamic performance on the telescope. 
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17 Camera Control System 

17.1 Introduction 
The LSST Camera Control System (CCS) controls and coordinates the various camera subsystems. 

• It makes sure that camera operations proceed efficiently, during science, calibration, and 
engineering modes. 

• It monitors camera performance, maintaining a stable camera environment and reporting 
errors. 

• It interacts with the LSST observatory, telescope, and data management, sending and receiving 
the data necessary for coordinated operations. 

• It provides human interfaces both for the display of status information and to provide test, 
diagnostic, and debug capability. 

CCS architecture comprises three main component types that work together: infrastructure, subsystem 
interfaces, and consoles. 

CCS infrastructure provides a set of buses used to transport messages between subsystems. These 
subsystems are implemented by a distributed set of Java processes.  The types of messages include 
commands, status, logging, and alarms.  CCS infrastructure includes mechanisms to control 
communication between subsystems. It also includes a local database, a code repository, and other 
utilities for support and maintenance.  Figure 17-1 shows a schematic layout of the CCS architecture. 

A subsystem interface is a software module, or set of modules, that provides the communication 
between the CCS and the corresponding camera subsystem.  For subsystems that consist of specialized 
hardware, the interface resides on a computer called a hardware control unit (HCU) that contains 
interfaces both to the CCS and to the hardware.   It uses the CCS bus infrastructure to receive commands 
and communicate status information and telemetry.  Each module also includes software (the device 
driver) specific to the hardware being controlled.  For example, the science array subsystem (SAS) 
controls the science rafts through software that provides an interface to the control registers of the 
RCMs (raft control modules).  During normal operations a master CCS module (MCM, described below) 
coordinates subsystem operations.  Figure 17-2 shows some examples of subsystem interface 
architectures. 



LSST Camera Conceptual Design Report 

426 
 

 
Figure 17-1: The CCS architecture.  The CCS consists of three types of components, infrastructure, consoles, 
and subsystems.  All internal communication is on the three CCS buses.  The three buses are software entities 
– there is only one physical bus.  CCS infrastructure provides common functionality, such as the central 
control logic and data logging.  Consoles provide all I/O functionality: Command input and response 
(including user requested displays).  Subsystems interfaces translate signals between the camera-wide CCS 
protocol to device-specific syntax.  The HCU (Hardware Control Unit) hosts both the CCS interface and the 
device controller. 
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Figure 17-2: All CCS subsystems contain at least one module, a program that, on one hand, can communicate 
on the CCS buses and, on the other hand, can communicate with the subsystem hardware and software. (a) 
Commands are issued by the MCM or (in engineering mode) by a console. CCS subsystems all use the same 
code to communicate on the CCS buses. (b) Some subsystems may require nonstandard interfaces (e.g., 
commercial controllers).  The CCS interface must include an adaptor to accommodate it.  Other subsystems 
may consist of several components, each controlled by a separate module.  In that case, coordinated operation 
may be most simply done by a subsystem supervisor. 

A CCS console is a process that can receive instructions (e.g., from a human), issue commands to 
modules, and collect and display subsystem responses and camera telemetry.  In its simplest form, a 
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command line program could allow an engineer to control the operation of a device and monitor its 
status.  The OCS interface (called the OCS bridge) will be implemented as a CCS console.  This 
implementation makes all command sources look the same.  In short, CCS consoles “drive” the system. 

17.2 Requirements 
Because the CCS is largely a coordinating system, its requirements are closely tied to the needs of the 
other components.  The CCS will provide a common environment for commands, control, configuration, 
monitoring, alarms, and logging.  As a consequence camera development requires a good set of 
interface specifications.  These specifications are an important early CCS deliverable.  They will enable 
the CCS to provide a uniform subsystem test stand environment, helping to simplify camera integration 
and test.  Our desire to provide test stands couples the CCS schedule to the various subsystem 
schedules, and is the principle CCS schedule driver.  The following shows a summary of the key CCS 
requirements. 

Table 17-1: Key CCS requirements 

Camera Commanding 
The CCS shall support external commands to power-up and initialize 
the camera, to change filters and to take exposures 

Camera Engineering Mode 
commanding 

The CCS shall control and monitor camera subsystems in engineering 
mode 

Camera Status 
The Camera shall assess and report an overall hardware health status 
for major camera components. 

Camera State Notification The CCS shall report any changes in the camera major internal state.   

Camera meta-data 
availability 

The CCS shall publish telemetry using the Observatory specified 
protocol (Defined in the OCS Common Interface Architecture and 
Protocols document) containing time stamped structures of all 
command-response pairs and all technical data streams including 
hardware health, and status information. 

CCS Telemetry Storage 
The CCS DB must be able to store telemetry at a high enough rate for 
commissioning and debugging. 

CCS Telemetry The CCS shall read out all camera meta data 

Health Monitor 
The CCS shall monitor the camera meta data and apply limits to a 
defined set of that metadata. Values exceeding the limits should raise 
an alarm. 



LSST Camera Conceptual Design Report 

429 
 

CCS Test Stands 
The CCS shall  support multiple test stand implementations of the CCS  
system 

17.3 Architecture and Infrastructure 
The CCS is structured as a distributed system, with modules communicating through three buses 
(control, status and logging).  The buses will share network hardware; command latency will be 
minimized by an appropriate assignment of priorities.  The one exception may be the timing signal to 
the shutter, which might travel on separate wires (see discussion below). 

Each CCS module is capable of being a master or a slave on the CCS buses.  The role actually played 
during operation is specified during CCS configuration and is enforced by the lock manager (see below).   
Master modules can send commands to other modules.  Slave modules receive and execute commands 
and post results on the status bus.  In engineering mode, subsystem consoles can take control of a given 
subsystem.  In this mode, the CCS infrastructure must ensure that subsystems do not interfere with each 
other.  This does not include ensuring hardware safety, which is provided by a separate protection 
system, described in 14.7 below. 

In order to ensure uniformity of implementation, the CCS environment provides a modular framework 
to ease the writing of subsystem interface modules.  Common functionality is provided by the CCS 
infrastructure, enabling module writers to focus on subsystem-specific issues. 

The Master Control Module (MCM) coordinates CCS operations. During normal operations it is the only 
active master.  It acts as a façade, translating high level commands from the consoles into a sequence of 
lower level commands sent to the relevant subsystems.  This coordination is a core function – the MCM 
must ensure that the system as a whole behaves in a sensible fashion.  It is also a status aggregator: it 
forwards to the OCS, via the OCS bridge, a summary of the current CCS status.  

The lock manager ensures that only one master subsystem is able to send commands to any subsystem, 
or subsystem part.  If a master subsystem other than the MCM (e.g., an engineering console) needs to 
command a subsystem, it must request exclusive access to this subsystem.  The lock manager distributes 
tokens to enforce exclusive access. 

The local database provides two distinct functionalities: it provides a persistent storage for the 
subsystems configurations, and maintains a history of those configurations; it also stores a selection of 
values published on the status bus, to be used for autonomous trending analysis.  Observers can also 
use it as a logbook, storing text and images as desired.  

Commands to the CCS are entered via consoles and are transmitted on the CCS command bus.  
Commands can come from humans, automated scripts, or the Observatory Control System (OCS).  In the 
first two cases, the console is a workstation on which a human can type or run a script.  In the third case, 
the console is a bridge to the OCS; it can communicate on the observatory network as well as the CCS 
network.  Consoles can also receive responses from the CCS and dispatch them appropriately (e.g., 
display plots on a screen or publish telemetry to the observatory). 
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The baseline implementation of the buses is built on top of JMS (Java Message Service), and uses three 
different “topics” (i.e., publish/subscribe asynchronous channels), command, status, and log.  This 
implementation choice is well insulated in the code and could easily evolve. The current code is not 
dependent on any specific JMS implementation. 

Various types of data visualization and assessment are required during camera operation, from 
development through integration and full operations on the mountain.  The CCS design includes support 
for these activities.  A small “rendering cluster” will act as a data display and analysis server.  At least 
one large tiled display and several desktop or laptop type clients will be supported, allowing observatory 
or camera operators to rapidly assess the overall quality of camera data.  This cluster will also perform 
enough image quality assessment to enable reliable operation when communication with data 
management is lost (e.g., if the connection to La Serena is down).  

CCS employs the LSST Trac [http://trac.edgewall.org] and Subversion [http:subversion.apache.org] 
system at NCSA for code management and developer documentation.  The site is provided and managed 
by LSST Data Management.  CCS leverages the expertise and infrastructure provided by LSST DM. 

17.4 Standards and Protocols 
The CCS relies as much as possible on open source standards and protocol.  Implementations are 
isolated from the main CCS code by interfaces, making it easy to replace them. 

The core system is programmed in Java, which is portable and architecture-neutral, has good long-term 
perspectives, and very rich libraries. It offers many safeguards that cuts debugging time, and is well 
adapted to the envisioned hardware, which can support a standard Java virtual machine. The team in 
charge of CCS development also had the corresponding skills. 

The core CCS is a framework built on top of JMS (Java Message Service) for communications, Spring for 
component assembly, AspectJ for cross-cutting concerns like security, JPA/Hibernate for database 
access. 

CCS relies upon timestamps on telemetry, events, etc.  Hence absolute and relative time keeping across 
the system is required.  CCS will employ standard NTP version 4 (http://www.ntp.org) on the CCS 
network (see below).  CCS will be a client of the master clock server provided by the Observatory. 

Subsystems are developed using this CCS framework, without any direct usage of the lower level 
frameworks. In order to simplify design, production, and maintenance, subsystems must satisfy a 
common set of requirements defined in the table below. 

Table 17-2: Common set of CCS to subsystem interface requirements 

Standards 

Software 
Subsystem interface software must adhere to camera standards (e.g., operating 
system, programming language, and coding practices). 
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Hardware 
Subsystem interface hardware (HCUs) must host the CCS interfaces and reside in 
standard camera platforms. 

Uniformity 
To the extent possible, the same hardware types and software packages should 
be used.  This includes, for example, types of motor controllers, vacuum sensors, 
encoders, etc. 

Interfaces and communications 

Architecture 
Subsystems must communicate with the CCS (and other subsystems, if 
necessary) using the established state machine model (see figure Subsystem 
States) and communication protocols (e.g., on the CCS buses). 

Protocols 
Subsystems must communicate with the CCS (and other subsystems, if 
necessary) using the established communication protocols (e.g., on the CCS 
buses). 

Cabling 
Except as noted below, all communication within the camera is via standard 
TCP/IP over standard cabling using commercial switches and hubs specified and 
provided by CCS. 

 All SDS/WDS/GDS communication is via fiber using the DAQ custom UDP code. 

 Camera protection system (CPS) wiring is independent of all other cabling, 

Proprietary 
implementations 

If proprietary SW or HW is employed, camera standard interfaces must be 
provided. 

Commands and responses 

  
Subsystems must acknowledge receipt of all commands and, if appropriate, 
notify the CCS of the completion status (e.g., if there is latency). 

 Subsystems must self-identify (respond to “Who are you?” commands). 

Timing 
Timing at the millisecond level will be provided by the CCS (see LCA-50).  Timing 
at the microsecond or nanosecond level will be provided by the precision TCM 
clock. 

Configuration 
To the extent that the hardware (and safe and correct operation) allows, it must 
be possible to configure and reconfigure a subsystem at any time. 

 
It must be possible to compare a subsystem’s configuration parameters 
(including SW and HW version) with expected values. 

Operating mode Subsystems must respond to a “What operating mode are you in?” query.  For 
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each operating mode, there must be a list of commands that they will accept. 

Telemetry 
Subsystems must provide sufficient telemetry to monitor hardware performance 
and safety issues, and report all actual faults. 

 
Subsystems must provide, as necessary, readback and control points to the 
Camera Protection System. 

Power and grounding 

Power feeds 

Each subsystems must take its power from one and only one of the following: 

1 The central power distribution system as one or more regulated and 
controlled DC voltages - subsystem may specify voltage and current 
requirements – “clean” loads only! 

2 The “clean” 120V, 50Hz AC power bus 

3 The “dirty” 120V, 50 Hz AC power bus 

4 The “clean” DC power bus 

5 The “dirty” 24V DC power bus (if needed) 

Telemetry 
Subsystems using power feeds 2-5 above must provide telemetry and control (to 
CCS) of at-load voltages and currents. 

Grounding Subsystems must adhere to the overall Camera Grounding and Shielding Plan 

Other 

Thermal stability 
Subsystems must demonstrate thermal neutrality to within ±TBD W unless they 
operate at an average power of less than TBD W. 

 

17.5 Communications 
The design philosophy for camera cabling is to support a "loosely coupled" collection of camera 
subsystems.  That is, each subsystem is as independent as possible, with only power and minimal 
communication (command and data) connections. Camera operation relies upon reliable and 
performant communication between these components, controlled by the CCS.  Point-to-point 
connections between subsystems are avoided as much as possible. Communication is provided by a 
typical Ethernet configuration. 

The camera utilities, control computers, and data acquisition are at fixed locations, while the camera 
itself must operate both on the telescope and in the maintenance areas.  Cable assemblies that connect 
the camera to these fixed locations and cover significant distances are to be specified by the camera 
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project and provided by telescope and site services.  Here, we discuss the Camera network usage and 
logical architecture, as seen by the CCS. 

The camera receives control (command and configuration) data from other systems and sends telemetry 
and pixel data to other systems.  Telemetry consists of any data related to the operation of the camera 
system (command, control, and logging).  Telemetry data will be captured and stored in the facility 
database.  It will be used to manage control of the camera (from outside) and also as input to pixel data 
analysis.  Pixel data is produced by the science, wavefront, and guide CCDs.  Consumers of pixel data 
expect high bandwidth, low latency and high quality of service. 

The networking plan for the camera has been chosen to optimize these usage patterns.  The LSST 
camera networks provide: 

1. A dedicated link for telemetry and control: A single CCS component (nominally, the OCS bridge) 
is directly connected to the wider summit network.  All CCS telemetry and control communication 
passes through this component.  That is, the camera appears as a single node on this network.  No other 
CCS components are directly connected to the summit network, which is maintained by the observatory.  
The capabilities and requirements of the summit networks are described elsewhere (see “LSST Network 
Design”, Document-7354). 

2. A local network not visible outside the camera: Camera components in the control room, 
camera body, utility trunk, clean rooms and utility room communicate over a camera-only local area 
network defined by a set of switches that are part of the camera system.  The OCS bridge is connected 
both to the camera network and the wider summit network.  The camera network is a camera 
responsibility. 

3. Separate bulk data networks: The DAQ components of the camera will have both camera 
network connections and additional connections to networks dedicated to pixel data transport.  Clients 
of the DAQ subsystems (which will include camera components such as the image display) will access 
data on these networks.  The pixel data transport networks are part of the observatory infrastructure 
and are maintained by the observatory.  The CCS does not control or monitor communications on these 
networks, unless the client is a camera component. 

4. Camera protection system network.  The components of the hardware protection communicate 
via dedicates wires, which are independent of the other CCS communication paths.  This enables the 
protection system to function when the CCS is not operational. 

Some camera components or infrastructure may have other network interfaces.  In particular, the 
observatory may have a dedicated management network for switch control, server administration etc. 
For example, rack-mount switches and servers generally have “board management interfaces” intended 
to allow remote power cycling, firmware upgrades etc.  It is TBD what additional networks are needed 
for this purpose and whether camera or observatory will manage those networks. 
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17.6 Subsystem Interfaces 

17.6.1 Overview 
Each subsystem interface controls and monitors one camera subsystem, which consists of one or more 
hardware devices or software processes.  A single CCS module controls each hardware device.  Thus, a 
subsystem interface is a module or a set of coupled modules.  A module can control one or more devices 
directly, or indirectly via slave modules. 

A module that controls a hardware device must translate commands that arrive on the CCS bus to 
hardware commands and signals that are sent to the device through a communication link such as a 
serial port, an analog or digital I/O board, or point-to-point Ethernet.  A CCS command will typically 
become a sequence of hardware commands. A module must also gather status information coming from 
the devices and format and publish it on the status bus. 

17.6.2 Operating modes 
Communication with a device control module depends on the CCS operating mode.  In normal mode, 
the commands sent to a control module must come from the Master Control Module (or, in the case of 
a complex interface, from the module that controls the subsystem).  In engineering mode, some 
commands can be sent directly from an engineering console to the control module. 

For example, in the current prototype, we can send the following commands from the console: 

• Normal mode: “Put the r filter online” (goes to the FCS module) 

This command is converted by the FCS module to a sequence of commands to the carousel and auto-
changer control modules.  The control modules translate these commands into the appropriate 
commands to the hardware device drivers. 

• Engineering mode: “Stop the carousel” (goes to the carousel module) 

This command is sent directly to the carousel module, where it is translated for the hardware device 
drivers. 

Note:  Command names are illustrative, and are not the actual syntax. 

The CCS framework provides a way to build an interface as a tree of modules.  The top-level module is 
the visible part of the interface.  The lowest level modules are drivers in charge of controlling hardware 
elements and are reusable. 

The framework handles the routing of commands sent on the command bus.  Depending on the mode 
(normal or engineering), the commands can only be sent to the top-level module, or to any module.   

Modules can provide status data that may be filtered or processed by the top-level module before 
publication on the status bus.  Log messages are published on the logging bus if they pass the current 
filters. 



LSST Camera Conceptual Design Report 

435 
 

CCS modules that communicate with camera subsystems live in two environments (CCS and subsystem).  
The CCS environment is provided by a standardized set of Java classes that implement all of the CCS 
protocols.  The device-specific code inherits these classes, so that implementation of a subsystem 
interface does not entail rewriting any CCS code.  This simplifies code development and enhances code 
maintainability. 

17.6.3 Filter Changer: (ICD is Document-10342) 
The filter changer subsystem (FCS) consists of three mechanical components: the loader, the carousel, 
and the Auto Changer.  The interface software to each component is a CCS module.  A fourth module, 
the filter control module, coordinates FCS operation during the normal operating mode. 

The loader holds a filter that is not yet on the camera.  When it is attached to the camera, this filter can 
be loaded into an empty socket in the carousel.  The reverse operation (unloading a filter) is also 
possible. 

The carousel holds five filters, one in each socket.  By rotating the carousel to a particular socket’s 
“standby” position, a filter can be moved by the auto-changer into the optical path (the “online” 
position). 

The Auto Changer moves filters between the standby position on the carousel and the online position in 
the optical path.  It consists of two trucks that move along two rails, plus a flip rail that extends the other 
two rails.  The flip rail must move so that: 

• It is aligned with the other two rails when a filter is being moved by the Auto Changer, and 

• It is moved out of the way when the carousel rotates. 

The physical link between the CCS subsystem interface host, nominally a PC104, and the local device is a 
CanBus.  The communication protocol is CANopen. (http://www.canopen.us/) 

17.6.4 Shutter: (ICD is Document-10343) 
The purpose of the shutter system is to provide precisely timed exposures and to ensure that the 
exposure duration is uniform across the whole camera aperture.  This implies that the system be 
capable of accurately measuring the positions of the shutter components as a function of time (their 
motion profile) as well as exercising precise control of their movement.  A single CCS module controls 
the shutter. 

The shutter consists of two blade stacks, each driven by its own motor, located on opposite sides of the 
camera aperture.  Each blade stack consists of three blades, each sized to cover slightly more than one-
third of the camera aperture, moving together in an overlapping telescoping manner from the parked 
position where they are stacked on top of one another, to the extended one where they barely overlap.  
When the shutter is closed, one of the blade stacks extends completely over the camera lens, while the 
other is parked (out of the aperture).  In the shutter open state, both stacks are in their parked 
positions.  Thus to perform a timed exposure, the extended blade stack is moved to its parked position 
while the other stack is subsequently moved to its extended position.  For a 15-second exposure only 
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one blade stack will move at a time, but exposures shorter than about one second will require that both 
blade stacks be moving simultaneously. 

Sensors are used to define the parked position of each blade stack, as well as its travel limits. Additional 
sensors are used to record the motion profile of these blades. 

The exposure time is required to be measured to 1 ms accuracy.  This is manageable using NTPv4 but 
some care may be needed on network QoS issues.  It may require a dedicated Ethernet port into the 
shutter module. 

17.6.5 Focal Plane Subsystems 
Three CCS focal plane subsystems control the activities of the 25 rafts in the focal plane housing 189 
Science Imaging sensors, 4 Wave-Front Imaging sensors, and 8 Guide Array sensors. 

The Science Array Subsystem (SAS) controls the 21 science rafts each with 9 CCDs through interfaces to 
the raft control modules (RCMs).  Each RCM hosts local intelligence to read out the CCDs, transmit data, 
monitor/set temperatures and voltages.  Control, monitoring and programming of the RCM is 
accomplished via registers and a timing synchronization interface, discussed below. 

The Wave Front Array Subsystem (WAS) controls the 4 wave front sensors in the corner rafts.  These 
nominally operate synchronously with the science sensors and are covered by that discussion.  However, 
during engineering or testing modes, the WAS may be operated independently. 

The Guider Array Subsystem (GAS) controls the 8 guide sensors (2 in each corner raft) in a similar fashion 
but nominally with an orthogonal duty cycle – when SAS/WAS sensors are integrating/reading the GAS 
sensors are active/quiescent.  The control interface is essentially the same, but latency and data delivery 
requirements dictate a somewhat different scheme. 

These subsystems run on one or more computers located in the control room.  In each case, the register 
interface to the RCMs is provided by the DAQ/Raft Interface (DRI) software package in the DAQ camera 
subsystem.  The DRI is a set of C++ classes that extends the remote register protocol portion of the DAQ 
RCI over the network to the CCS.  The DRI then allows for monitoring and control of all rafts.  The timing 
control module synchronizes the RCM actions (e.g., to minimize read noise). 

Control and monitoring of the focal plane is accomplished by reading and writing registers in each RCM.  
The SAS will sample and publish thermal data on the CCS status bus and set heater currents (or voltages) 
as directed by the CCS thermal subsystem. 

The CCS interfaces to the SAS, WAS, and GAS will run on separate computers in the control room, due to 
an incompatibility between the DAQ operating system and the CCS JVM environment. 

17.6.6 Data Subsystems 
The principle function of the camera’s Data Acquisition (DAQ) Systems is to acquire, process, and buffer 
incoming data from the camera’s Focal Plane Subsystems. Data from these subsystems is then made 
available to the DAQ System’s clients.  The science, wave front, and guide data acquisition comprise 
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separate CCS subsystems (SDS, WDS, and GDS, respectively).  However, the interfaces are nearly 
identical, so all three are described here. 

Each DAQ subsystem provides a control interface, the DAQ-Control Interface (DCI) that performs a 
function similar to the DRI described above (17.6.5).  The CCS uses the DCI to configure and monitor a 
DAQ subsystem.  Given the many client services that the DAQ subsystems support, the DCI will be used 
primarily for monitoring and configuring those aspects that are camera specific.  Other aspects, for 
example those specific to data management, will also be configured from data management via the CCS 
using the DCI.  The full enumeration of these aspects is TBD. 

17.6.7 Timing and Control Modules (TCM) 
The TCMs provide the fast (nominally 50 MHz) clocks that orchestrate the data acquisition.  Each of SDS, 
WDS, and GDS will have a TCM, but they are nearly identical, so all three are described here. 

The fast clock is generated on the TCM.  External synchronization is not necessary.  This clock is 
distributed to all the RCMs that the TCM controls, in order to maintain synchronous operation (thus, 
reducing read noise).  Upon receipt of a command from the CCS, the TCM will send a “START” signal 
(also synchronous) to all of the RCMs. 

17.6.8 Camera Calibration Optical Bench (CCOB) 
The Camera Characterization Optical Bench (CCOB) is an optical-mechanical system that can be 
temporarily attached to the front of the fully assembled LSST camera while it is in either the final 
assembly clean room at SLAC, or in the clean room at the observatory. The purpose of the CCOB is to 
provide a controlled and well calibrated source of light that can be used for verification and 
characterization of the fully assembled camera (shutter, sensors, electronics, and data acquisition). 

CCOB operation is planned to take place in three modes: 

• First light.  The CCOB will provide a roughly uniform illumination pattern to perform a first check 
of the overall functions of the camera.  It can be used to generate flat field, dark current, bias, and offset 
responses. 

• Wide beam.  To measure the response of the focal plane, an adjustable, broad spectrum light 
source will put a moveable few-centimeter spot on the focal plane. 

• Thin beam.  A NIST-calibrated photodiode will put a 1 mm spot on the focal plane.  This will 
enable precise measurements of the response, including ghosting. 

The details of that CCS interface remain to be determined.  The implementation is planned to be with 
Java Spring (http://www.springsource.org/). 

17.6.9 Power Distribution 
The Camera Power Distribution System (CPDS) supplies required power to the on-camera subsystems. 
See Chapter 19 and Figure 17-3. 
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Figure 17-3: The power distribution architecture.  The power management interface communicates with the 
48 V bulk power supply and the raft power cards by PM buses (similar to I2C).  We show separate buses 
because, until hardware is chosen, we don’t know if the devices are compatible. 

The CPDS resides in one or more crates inside the utility trunk.  A CPDS crate can contain a number of 
power supplies as well as a PC104 or other single board computer.  Each Science and Corner Raft Tower 
is supplied by a separate isolated power supply called a Raft Power Card (RPC).  The RPCs and the PC104 
are connected via the crate backplane, which carries PMBus (similar to I2C), 48 V, 5 V (standby), and 
control signals.  Power is sent through the backplane via connectors to the cryostat (and then on to the 
raft towers and other auxiliary modules). 

The PC104 provides the CCS interface to the RPC’s and other power supplies (e.g., for the shutter 
motors).  The CCS will be able to monitor voltages, currents, and temperatures.  It will also be able to 
control voltages and set voltage, current, and temperature limits and alarms. 

17.6.10 Vacuum 
The cryostat that holds the focal plane is a vacuum vessel.  To maintain camera performance and ensure 
sensor integrity, the vacuum must be monitored and controlled.  If vacuum integrity is compromised, 
the camera protection system (CPS, see 14.6.12) and CCS must respond appropriately.  The role of the 
CCS will be to monitor the vacuum parameters and warn of incipient problems before the CPS is 
activated. 

17.6.11 Thermal Control 
Thermal control of the camera is needed to optimize performance of camera components and to 
minimize effects on seeing.  The camera is divided into several, largely independent, thermal zones:  
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camera body, utility trunk, and back end electronics.  In addition, the focal plane array and front end 
electronics (FEE) define the "cryo zone".   

The first three zones are well enough contained that CCS interaction is solely by means of set points.  
However, the cryo zone has the most critical uniformity, stability, and monitoring requirements.  It also 
depends on distributed monitoring and control functions:  Temperatures are monitored on each CCD 
and throughout the FEE boards, heat is removed via the cryoplate, and trim heaters close to the CCD's 
will adjust the temperatures as needed.  This complicated architecture requires that control be 
implemented in CCS “Raft Thermal Control” processes that have access to the full set of camera 
telemetry. 

Off the telescope, the cryo and cold refrigeration systems and the purge gas systems reside in the 
camera utility room.  These systems are controlled and monitored as well.  Auxiliary devices such as the 
cryo/cold heat exchangers and the transport lines will be monitored.  Coordination with the vacuum 
subsystems is also expected. 

17.6.12 Protection System 
Each subsystem will implement its own protection system, which will receive status signals from 
subsystem sensors and, based on these signals, sends permit signals back to the subsystem.  Subsystem 
protection must be able to protect the subsystem hardware from damage when there is no connection 
to the CCS or other external entities.  When the CCS is connected, subsystem protection will send 
telemetry to the CCS interface, for monitoring. 

When the camera is integrated (i.e., when more than one subsystem is connected), there will also be a 
protection master.  Its function is to receive status information from each subsystem’s protection and 
respond accordingly.  The purpose is to manage any inter-subsystem dependencies.   In general, it does 
not handle signal paths whose logic could be wholly contained within a single subsystem, but does 
handle all those paths in which a permit used by one subsystem is derived from status signals from one 
or more other subsystems. 

A schematic of the high level logic of the system is shown in Figure 17-4. In many cases the status signals 
are themselves the result of complex logic.  For example the Cryoplate temperature-high status may be 
derived from a network of seventeen temperature sensors in a manner that provides redundancy and 
minimizes false failure signals. 
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Figure 17-4: The camera protection system architecture (see LCA-139-A). All connections between camera 
protection components are provided by a network that is independent of the CCS.  The CCS MCM can 
communicate with the protection master, but only to request status and telemetry.  Each CCS subsystem 
module has similar communications with its subsystem protection, although the details will vary. 

In general, all status inputs will go to the protection system in a star type configuration to facilitate 
monitoring.  Exceptions will be made for subsystems that perform initial logic on their status signals and 
make the status of all the inputs to that logic available to the CCS. 

The protection system will appear to the CCS as a standard subsystem.  The CCS will monitor the status 
of all inputs, outputs, and some internal states. The only commands that the CCS may send to the 
protection system are status resets. (All failure states will be latched.).   

The protection system will be implemented with high reliability logic and input/output hardware.  A 
likely candidate is a commercial PLC and a small number of IO modules.  

17.6.13 Laser Alignment 
The Laser alignment system is not yet well specified, although it remains in the camera baseline.  This 
section will be expanded when its parameters become better defined. 

17.7 Alternative Analysis 
Design issues and alternatives that have been considered: 
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17.7.1 Custom vs. Commercial Hardware and Software 
Some projects have used commercial SCADAs, e.g., PVSS at LHC.  However, in the end CERN layered 
UNICOS1 on top in order to provide development tools and simplify long term maintenance.  Our 
experience is that writing a control system supervisor “from scratch,” (or adapting from our previous 
work) is not much more work than adapting a commercial SCADA, and provides an easier to use, more 
reliable, and more easily maintainable control environment. 

17.7.2 Programming Language 
We considered other programming languages and chose Java for several reasons.  First, the language 
must be object-oriented in order to support a distributed development environment and to simplify the 
creation of uniform interfaces to other camera subsystems and LSST systems.  Second, Python does not 
have the performance necessary for the LSST environment. This was already an issue with DECam, which 
has only 10% of LSST’s data processing needs.  C++ is a plausible alternative, but Java has a larger and 
more active community.  Java’s strong industrial installed base, from bank to automotive industry, 
guarantees long-term maintenance.  Finally, both the SLAC and French groups have extensive Java 
experience, and a large, reusable code base.  LSST will be able to take advantage of prior work by the 
Babar, Fermi, and EXO collaborations. 

17.7.3 Modular Architecture and Software/Hardware Standards 
The camera control system must control several subsystems.  We could let each subsystem develop its 
own control and analysis software (e.g., for test stations) and integrate it all later in the project.  
However, without a standard subsystem implementation, production and maintenance of the CCS 
would be unwieldy.  Project-wide use of a standard costs more now, but saves more in the long run.  
Nevertheless, we do not want to impose excessively burdensome restrictions on the people who are 
writing the subsystem control software.  To simplify the process, the CCS will provide a standard set of 
interface classes, creating a CCS communication environment within which the code writers are free to 
work.  This will result in faster development, increased reliability, and simplified maintenance. 

17.7.4 CCS Internal Database in Addition to the Observatory Database 
The observatory will provide a facility database in which information such as configuration, telemetry, 
logging, etc. can be stored.  The CCS will use this database as required.  However, we decided that the 
CCS needs to maintain its own internal database for two reasons.  First, for engineering needs 
(diagnostic and debugging), we will sometimes collect telemetry at rates and volumes that are 
inappropriate for the facility database.  Only a filtered subset of this information will be sent to the 
facility DB.  Second, the CCS must operate test stands, which are stand-alone set-ups.  It would be very 
inefficient to ask that the observatory instantiate and maintain small versions of the facility DB at each 
test stand.  The CCS internal database is an integral part of CCS infrastructure, and requires no additional 
maintenance. 

                                                             
1 See http://icalepcs2005.web.cern.ch/icalepcs2005/Presentations/12oct_Wednesday/WE3A/WE3A_2-6O.ppt 
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17.7.5 A Separate Bus for Shutter Timing. 
The timing requirements on the shutter are significantly more stringent than for any other camera 
component.  While we think that they can be met using the CCS Ethernet network, we decided that, to 
be prudent, a second Ethernet port into the shutter module may be best. 
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18 The Camera Data Acquisition System   

18.1 Introduction 
The camera’s Data Acquisition (DAQ) System’s principal function is to acquire, process, and buffer 
incoming data from the camera’s Focal Plane Array (FPA). Data from the FPA, both processed and 
buffered, must be made available to the DAQ System’s clients.  In order to successfully access these 
data, clients must also have the ability to configure, monitor and control the DAQ System.   The FPA is 
both physically and electrically partitioned into twenty-five (25) separate rafts. Twenty-one (21) of those 
rafts are located centrally and service the 201 science grade CCDs, while the four (4) corner rafts service 
the four (4) Wave-Front CCDs as well as the eight (8) sensors used for guiding. 

18.1.1 Read-out systems (The SDS, WDS and GDS)  
Data from the science grade CCDs constitutes the camera’s principal science product and the principal 
client for this data is the Data-Management (DM) system.  Data from the Wave-Front CCDs are used by 
the telescope for control of its adaptive optics system as well as by DM to support analysis of science 
data; therefore, its clients are both DM and the Telescope Control System (TCS).  Data from the guiding 
sensors provides the centroid data necessary to guide the telescope and consequently its principal client 
is the TCS.  That component of the DAQ system responsible for the acquisition and processing of science 
data is called the Science Data System (SDS), while for the wave-front data it’s the Wave-Front Data 
System (WDS) and for the centroid data the Guider Data System (GDS).  These dependencies between 
sources, DAQ systems and clients are summarized in Figure 18-1. 

The production of both science and wave-front data share the same cadence, implying their 
corresponding data are generated synchronously with respect to one another, while guiding operates 
with a completely different cadence with its data consequently produced asynchronously with respect 
to both science and wave-front data.    

An identical cadence as well as an overlapping client set leads to very similar functional and 
performance requirements for the SDS and WDS.  These requirements are called out in Section 18.2. 
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Figure 18-1: Data dependencies between FPA data, the SDS, WDS and GDS as well as its clients  

In contrast to the SDS and WDS, the GDS operates under a very different cadence as well as delivering 
its data to a differing set of clients.  Further, its performance goals differ, with the GDS minimizing 
latency in the transport of its data while the SDS and WDS maximize throughput.  For the GDS this leads 
to a somewhat different set of functional and performance requirements as well as a somewhat 
different implementation. 

18.1.2 Data buffering 
A flow-down of the summit facilities uptime requirements demands that the Telescope continues 
observations even in the face of an interruption of base-camp service. This interruption could occur for 
example, if the fiber-optic system connecting summit and base-camp suffers a fault or if the base-camp 
is itself unavailable, for example in the face of scheduled or unscheduled maintenance.  This 
requirement flows down to the DAQ system as a requirement to buffer some fraction of its acquired 
science and wave-front data. Typically, this requirement is expressed as “buffering for two days worth of 
observation”. This corresponds to around thirty-four (34) Terabytes. To support supplementary 
requirements flowing from both guiding and image simulation the DAQ system’s total storage 
requirement is closer to 50 Terabytes. In any case, the envisioned storage system is capable of graceful 
growth to as much as 100 Terabytes, allowing for a two-fold contingency in the face of maturing 
requirements.  
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The DAQ system organizes its storage system as three, separate circular buffers, with each buffer 
assigned to contain the data from the SDS, WDS, or GDS.  This discipline implies that as the buffer fills its 
oldest data is automatically rolled off its end and discarded. Both the size and characterization of these 
circular buffers are configuration driven. 

The SDS, WDS and GDS all write to the storage system in order to persist their data, and clients of the 
DAQ system read from the storage system in order to retrieve that persisted data. Any data accessed by 
a client through this storage system is referred to as buffered data.  

The usage model for buffered data is that it will be written once, but read, potentially many times. This 
implies multiple, concurrent accesses to the storage system. Further, each client of such data has 
potentially different latency requirements. For example, diagnostic clients working in interactive mode 
require access to buffered data as quickly as possible after it is produced, while for DM clients, whose 
function is simply data archival have a much more modest latency requirement, on the order of a single 
exposure time. For these reasons the storage system’s available bandwidth is purposely large, on the 
order of 100 Gigabytes/second and that bandwidth is designed to scale as additional storage is added at 
the rate of roughly one Gigabyte/second for each additional Terabyte.  

18.1.3 Data access 
Data is typically characterized by its structure. However, from the perspective of the DAQ system a more 
relevant differentiation is by access model. This model determines the latency at which data is 
presented to its clients and also specifies its lifetime. The DAQ system emits data with two different 
access models, either buffered or non-buffered.  Both buffered and non-buffered data originate with the 
“raw” data produced by any of the three read-out systems, namely SDS, WDS, or GDS.  Raw data are 
ephemeral and are never directly accessible by clients of the DAQ system. Raw data represent, as closely 
as practical the original, imaged information generated from their corresponding sensors. Typically, such 
data have little or no post processing except for a transformation from a raft dependent, electronics 
order, to a raft independent, geometrical order. Raw data arrive into the DAQ system in real-time.  In 
order to establish a unique province, as these data arrive they are tagged with an identifier.  This 
identifier has both a spatial and temporal component. The spatial component specifies the data’s 
source, while the temporal component specifies the time at which that data came into existence.  The 
time-base by which data is tagged is synchronized to the observatory’s time-base and provides sufficient 
resolution to allow for temporal correlations between different images as well as any other observatory 
event. Clients of both buffered and non-buffered data use this tag to specify the data they wish to 
access. 

18.1.3.1 Buffered data  
Structurally, buffered data are simply a saved copy of the raw data described above.  They are both 
persisted and subsequently accessed through the storage system introduced above.  

 These data must be first stored before they can be accessed and are therefore only available to their 
corresponding clients shortly after being read out.  For example, for science and wave-front data this 
would imply that any single buffered image is accessible only after two (2) seconds.  
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The lifetime of buffered data is subject to the characterization of the circular buffer containing it.  
Typically, this implies a lifetime much greater than the rate at which it was acquired. For example, for 
science data that lifetime would be on the order of 48 hours.  

Note that such a data organization places only a “soft” real-time demand on its clients.  This demand 
translates to a need to access that data before it rolls off the end of its circular buffer, typically around 
48 hours. Therefore, in contrast to non-buffered data, where latency is critical, clients pull these data on 
demand.   In such a communication model the SDS, WDS, and GDS use the storage system’s write 
interface to persist their data and their corresponding clients use the storage system’s read interface to 
access that data. This is called the DAQ-Storage-Interface (DSI).  

18.1.3.2 Non-buffered data 
As is the case for buffered data, non-buffered data are derived from the raw data received by the DAQ 
system. However, unlike these data, non-buffered data are subject to a significant amount of post-
processing by the DAQ system, including for example, a correction for cross-talk correction. 

In order to satisfy the latency requirements imposed on LSST for transient detection, non-buffered 
science and wave-front data are processed and delivered to their clients as quickly as possible after their 
corresponding raw data arrives.  In practice, due to unavoidable deserialization/serialization, this adds 
around another millisecond to the nominal two (2) second read-out time of the camera.  

Note that unlike buffered data, non-buffered data have a small, finite lifetime.  Like the raw data they 
were derived from, these data are ephemeral and once successfully delivered to their clients they 
disappear and are no longer available. 

Because such data must be delivered in pseudo real-time these types of data are pushed to their clients.  
This naturally leads to a communication model based on a publish/subscribe paradigm.  In such a model 
data are pushed by the DAQ system to their clients through publication and these clients indicate their 
interest in such data through subscription. The interface to this model is called the DAQ-Data-Interface 
(DDI). 

Note this processing and communication model is well suited to the somewhat strict latency 
requirements imposed on the deliverability of the centroid data generated by the GDS and delivered to 
the TCS.  

18.1.4 DAQ building blocks and the DTK 
In order to minimize both development costs and schedule risk the implementation of the camera’s 
DAQ system heavily relies on the concepts hardware and Intellectual-Property (IP) derived from the 
SLAC Detector R & D program on large-scale Data Acquisition.  This program has, as its fundamental 
premise, that application specific, arbitrarily sized DAQ systems are constructed by derivation from a 
small number of generic, reusable building blocks. These blocks are collectively referred to as the DAQ 
Tool Kit (DTK).  Physically, this program expects for these building blocks to be “glued” together to form 
a DAQ system using a PICMG sponsored, industry packaging standard called the Advanced-Tele-
Communication-Architecture or ATCA.  In order to provide the necessary background to understand for 
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the remainder of this document the building blocks of the DTK as well as ATCA are briefly described 
below.  

18.1.4.1 The Reconfigurable Cluster Element 
The RCE is a low-cost, low power, small footprint, generic, computational element. The element 
supports a variety of different computational models, either CPU, DSP, or a combinatoric-logic based 
model. A block diagram of the RCE is illustrated in Figure 18-2.  

 

 

Figure 18-2: RCE block diagram 

It contains: 

• A multi-core processor. Currently based on a PPC architecture but transiting to ARM 

• Up to 5000 DMIPS (somewhere between Core-Duo and i7) 

• One 40Gigabit/second Ethernet Interface (with offload support for IP datagrams) 

• 1 Gigabyte, flash based code and configuration media 

• An open-source, Real-time Kernel called RTEMS.  

• POSIX compliant interfaces 
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• Standard BSD Network (IP) stack 

• Remote (GNU based) code development tools and debugging support. 

• A high performance memory sub-system consisting of up to four (4) Gigabytes of RAM. This sub-
system is capable of a total aggregate bandwidth of more than eight (8) Gigabytes per second. 

• As many as twelve (12) channels of generic, high-speed SerDes. 

• Support for protocol encoding/decoding, for example 8B/10B and CRC. 

• A highly efficient DMA-like mechanism to move data in and out of the element.  

• Ability to synchronize to a precise external reference clock and receive timing fiducials. 

• Support for Ethernet (1 to 40 Gigabits/sec) as well as a fully POSIX compliant TCP/IP stack. 

18.1.4.2 The RCE software model 
The complete, necessary software for an RCE’s processor is assumed burned-into its corresponding 
configuration Flash. Note that the processor provides access to the configuration Flash through its 
corresponding plugin and as the processor boots, it loads the appropriate software base using this 
plugin. Which particular software is loaded and subsequently executed is determined by two factors: 

• Bootstrap configuration information driven external to the RCE 

• The number and type of plugins for the specific RCE 

Software is arbitrarily partitioned into two domains: The system core and its applications.  This 
differentiation is principally due to the necessary ordering of the bootstrap. To order zero, the core can 
be thought of as the set of software provided by the RCE developers and applications as the set of 
software provided by its users.  Note that the flash can store many different versions of both core and 
application and which particular core and applications are started is determined externally by the 
bootstrap configuration.  The system core is organized as a three-tier stack as illustrated in Figure 18-3. 
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Figure 18-3: RCE software model 

Note that in this model applications are free to draw on the services provided by any one tier of the 
core. Consequently, each tier is also responsible for providing a set of public interfaces that express and 
export their corresponding services. Starting at its lowest level, the tiers provide the following 
functionality: 

1. An Operating/System and its corresponding services.  For the camera this O/S is a Real-Time 
kernel called (RTEMS). POSIX compliant interfaces, Open Source etc.… 

2. An I/O Subsystem.  As the plugin provides the processor’s physical mechanism to access external 
information this corresponds to the software necessary to support and manage an RCE’s plugins. This 
consists principally of the factor methods necessary to configure and initialize a plug-in. The number and 
type of plugins varies as a function of RCE.  The bootstrap “discovers” the set of plug-ins through inquiry 
of the RCE’s firmware and using that discovered information loads the appropriate software to configure 
and initialize each type of plugin.   

3. “Well-known” services. This is software determined to have universal applicability to any user 
writing any application. Chief among these services would be the BSD TCP/IP stack. Invariably these 
services draw on the functions of one or more plugins. Consequently, it’s natural, as plugins are added 
or subtracted, for the number of these services to either increase or decrease.   

The differentiation between system and application is somewhat arbitrary. Note that although the core 
is typically developed and maintained by the DTK development, it can be extended and tailored by any 
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user using DTK provided tools. Typically the core is extended to in response to the addition or 
subtraction of a plugin. 

18.1.4.3 The Cluster and its Interconnect 
The CI is based around a low-cost, low power, small footprint 10-Gigabit Ethernet switch.  The particular 
switch employed is one member of the Fulcrum family of 24-port, 10-Gigabit/second, Ethernet ASICs. 
Each port supports configuration to a variety of physical interfaces each capable of operating at a variety 
of different speeds. For example, operating in KR4 mode each port presents up to four channels of 10-
Gigabit/sec switching. This ASIC is coupled with a single RCE to form the CI. The RCE’s principal function 
is to manage its corresponding switch.  However, as the RCE has itself a port into its switch it is available 
to perform any generic functionality.  

The CI comprises a fully functional, fully managed, layer-2 or layer-3 switch.  Its principal function is to 
connect RCEs together as a single Ethernet.  Used in this fashion, the CI allows up to ninety-six (96) 
cluster elements to be switched together. The combination of a CI networked together with an arbitrary 
set of RCEs is called a Cluster. 

18.1.4.4 ATCA  
ATCA is a communication and packaging standard developed and maintained by the PCI Industrial 
Computer Manufacturers Group (PICMG). This specification grew out of the needs of the 
telecommunication industry for a new generation of “carrier grade” communication equipment. As such 
this standard has many features attractive to the HEP community where “lights-out”, large-scale 
systems composed of multiple crates and racks are the norm. This specification includes provision for 
the latest trends in high speed interconnect technologies, as well as a strong emphasis on improved 
system Reliability, Availability and Serviceability (RAS) to achieve lower cost of operation. While a 
detailed discussion of ATCA is well beyond the scope of this paper, these are its most pertinent features: 

  A generous board form factor (8U x 280 mm with a 30.38 mm pitch). The form factor also 
includes a mezzanine standard (AMC or the Advanced Mezzanine Card) allowing construction of 
substrate boards.  

  A chassis-packaging standard, which allows for as few as two boards and as many as sixteen 
boards. 

  The inclusion of hot-swap capability.  

  Provision for Rear-Transition-Modules (RTM). This allows for all external cabling to be confined 
to the backside of the rack and consequently enables the removal of any board without interruption of 
the existing cable plant. 

  Integrated “shelf” support. Each board can be individually monitored and controlled by a central 
shelf manager. The shelf manager interacts with external systems using industry standard protocols (for 
example RMCP, HTTP or SNMP) operating through its Gigabit Ethernet interface. 
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  By default, external power input is specified as low-voltage (48V) DC. This allows for rack 
aggregation of power, which helps lowering cost of power distribution for a large-scale system.   

  It defines a high-speed, protocol-agnostic, serial backplane. The backplane does not employ a 
data-bus; rather it provides point-to-point connections between boards. A variety of connection 
topologies are supported, including dual-star, dual-dual star as well as mesh and replicated mesh.   

18.1.5 The DAQ hardware model   
A major design goal is to maximize reusability wherever appropriate. Therefore, the SDS, WDS and GDS 
while functionally quite different, all inherit from a common hardware, firmware and software 
foundation. This leads to a single hardware abstraction of the DAQ system that is independent of 
specific system type. That abstraction is illustrated in Figure 18-4.  

 

Figure 18-4: Block diagram of the LSST Camera Data Acquisition system 

This abstraction is comprised from six different types of components: 
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  The SCI or Source-Control-Interface  

  The OTM or Optical-Transition-Module 

  The CDS or Camera-Data-Source 

  The CFS or Camera-Flash-Storage 

  The Ethernet Fabric and its corresponding Hosts   

 Note that these components are geographically distributed in various locations over both the summit 
and base-camp.   

18.1.5.1 The Optical Transition Module and raft communication 
Both SCI and OTM are located within the camera with a single instance of the SCI on each science raft 
and three instances on each corner raft.  The SCI has two principal functions: 

  It encodes and transmits sensor data from the raft down to the CDS. 

  It decodes and receives command and control information from the CDS up to the raft. 

This component is hosted in the raft itself, typically, residing within an FPGA on a raft’s back-end 
electronics.   For example, for the science rafts, the SCI shares the FPGA contained on the Raft- Control-
Module (RCM).    

The bulk of the DAQ system is located within the CDS, which is itself located within the summit’s 
computer room. Due to the necessarily high-speed communication between SCI and CDS as well as the 
distance (more than 100 Meters) between telescope and computer room, this communication is 
accomplished through fiber optics.  However, note that the SCIs are logically, but not physically 
connected to the CDS. This is one consequence of a raft’s necessary residency within the camera’s 
cryostat, placing it at odds with the competing requirement to minimize the amount of cryostat resident 
electronics. Therefore, the required conversion of copper-to-light and light-to-copper occurs outside the 
cryostat, within the camera’s utility trunk. These functions are implemented through the OTM. 

18.1.5.2 The Camera’s Data Source and Flash Storage System 
The CDS and CFS are each 14-slot ATCA shelves both located inside the summit’s computer room.  The 
CDS’s principal function is to host the DAQ system’s server side software. The CFS provides image 
buffering and contains as much as 100 Terabytes of flash based storage, allowing the summit facility to 
continue observations even in the face of an interruption of base-camp service.  It is “seen” by the CDS 
as up to 672 individual SATA drives. The software to manage these drives as a single coherent storage 
array resides on the CDS and is called the CSS (Camera-Storage-Service).  In addition to its 
responsibilities towards hosting the CSS, the CDS has four additional functions. These are: 

  Providing fiber optic connections to its corresponding SCIs. 

  Providing connections to the 476 individual SATA drives of the CFS.  
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  Hosting the SDS, WDS and GDS server software processing data received from the SCIs.  

  Providing fiber optic connections to its corresponding Ethernet fabric.   

18.1.5.3 The DAQ fabric 
The CDS connects to a single Ethernet called the DAQ fabric. This fabric ranges over the entire summit 
facility, including, not only its computer room, but also the summit’s control room as well as the service 
rooms housing the camera when it is located off the telescope. It also encompasses the downlink facility 
between summit and base-camp as well as inside the base-camp itself where it penetrates into the 
facilities housing the DM infrastructure and secondary control-room. The CDS connects onto this fabric 
using up to 112 channels of 10-Gigabit fiber over SFP+. This fabric is discussed in greater detail below. 

18.1.5.4 Hosts 
Any type of computer capable of mounting the DAQ system’s client-side software interfaces and 
connected to the fabric shared by the CDS is called a Host.  The scaling properties of these interfaces, 
their respective portability, and the pervasive scope of the DAQ fabric imply the number and location of 
these hosts are only weakly constrained by the DAQ architecture. Consequently, hosts can and are 
expected to move freely between the summit and the base-camp, their function reassigned or redefined 
and their numbers increased or decreased as observatory requirements on data processing evolve as a 
function of time. 

From an architectural perspective, the DAQ system interacts independently with its own set of hosts and 
assumes them as capable of acting in isolation. However, outside the DAQ system, the hosts are bound 
together by function and act in concert towards a single coherent purpose. Such a set will be called a 
processing cluster. For example, the entire DM facility located in the base-camp and used for the initial 
processing of science data and transient identification is one such cluster. Another such example would 
be the hosts owned by the TCS responsible for guiding.  An enumeration of these clusters and their 
connectivity with respect to the DAQ fabric is found below.  

18.1.6 The DAQ software model 
The software for the DAQ system adapts a client/server model. From the hardware perspective servers 
simply represent that fraction of DAQ software resident in the CDS, while clients simply represent that 
fraction resident in the DAQ system’s hosts.  However, from the software perspective this model 
appears somewhat different and is seen as an architecture imposed over the hardware. This 
architecture is illustrated in Figure 18-5. 
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Figure 18-5: Client/Server software architecture 

This architecture employs four different types of software components. These are: 

  Servers providing functionality 

  Clients controlling one or more servers and consuming their functionality 

  A Crossbar responsible for routing control and data information between server and client 

  Interfaces allowing either client or server access to crossbar services 

In this architecture the number of servers can vary but is in the limit bound by the camera’s physical 
architecture as well as the size of the DAQ’s storage system. However, unlike the server number, the 
number of clients is unconstrained, subject only to the limitations imposed by the fabric.  

The crossbar provides the four classes of communication service necessary to control the servers as well 
as deliver image data. These classes are: 

  Data sent by any one server to any one client 

  Data sent by any one client to any one server 

  Data sent by any one server to many clients 
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  Data sent by any one client to many servers 

The crossbar interfaces allow both server and client access to their appropriate communication services. 
However, independent of its functionality, the most important feature of the crossbar is that its 
efficiency and performance are only weakly dependent on communication class as well as the number 
of servers and clients it may serve. 

18.1.6.1 Servers 
The communication services provided by the crossbar allow the three different read-out systems as well 
as its storage system to be decomposed into four addressable sets of independent servers.  These sets 
are: 

  The SDS. The SDS coordinates the read-out of the data produced from the science rafts.  It is 
composed from a set of twenty-one servers, each server mapped to the SCI contained in each science 
raft.  

  The WDS. The WDS coordinates the read-out of the data produced from the wave-front sensors 
located in the corner rafts. It is composed from a set of four servers, each server mapped to the 
WDS/SCI contained in each corner raft.  

  The GDS. The GDS coordinates the read-out of the data produced from the guiding sensors 
located in the corner rafts. It is composed from a set of four servers, each server mapped to the GDS/SCI 
contained in each corner raft.  

  The CSS. The CSS manages the storage array presented by the CFS.  One server manages six 
drives. Consequently, the number of servers scales with the amount of storage. For example, a CFS 
populated with 10 boards, each with 48 drives would correspond to an 80 server CSS.      

18.1.6.2 The software crossbar 
The implementation of the crossbar is satisfied through reuse of an industry standard middle-ware layer 
called the Data-Distribution-Services or DDS. DDS is modeled on a Publish/Subscribe paradigm and its 
underlying architecture is well suited to take advantage of the intrinsic scaling properties of Ethernet 
and TCP/IP protocols. It has both commercial and Open Source implementations and is used by both 
Telescope and Observatory Control Systems.  

The number of concurrent clients using the DAQ system is expected to be quite large, on the order of 
4000 or more.  Any given client must be able to consume its requested image data robustly with modest 
latency at a rate of around 100 Mbytes/second independent of client number. Therefore, excellent 
scaling properties on the part of the crossbar are quite critical to the DAQ system’s success.   

Although DDS was expressly designed to scale to systems of this magnitude, there does not exist 
currently any usage precedent for a system of this size.  Therefore, as part of its risk mitigation strategy, 
the camera has embarked on a trade study to characterize the scaling properties of DDS. These 
properties will be examined as a function of: 



LSST Camera Conceptual Design Report 

458 
 

  Implementation. Open-Source or commercial?   

  Operating system. Necessary RTEMS as well as LINUX support.   

  Fabric topology and protocol (Native Ethernet or IP).   

  Utilization of fabric broadcast and multi-cast services. 

  Robustness and recovery under failure. 

  Support and maintenance.    

18.1.6.3 Interfaces  
Both client and server applications interact with one another through a series of Interfaces, all of which 
are mediated through the crossbar. These interfaces are designed to both express and export the 
functionality of the entire DAQ system including those servers encapsulated within the SDS, WDS, GDS 
and CSS.  

The DAQ system defines four different interfaces. Each interface follows an object-oriented paradigm 
whose language binding is C++ and is therefore, composed from a series of interrelated C++ Classes. 
Classes for any one interface are partitioned into two different class libraries.  One library contains, for 
the corresponding interface those classes tailored for client applications, while the other contains those 
classes tailored for server applications.  

Independent of its specific function, each library is designed at a minimum to hide the mechanics of 
communication between application and DAQ system, which as were described above, are satisfied 
through the crossbar. The four interfaces are:  

  The DDI or DAQ-Data-Interface. The client library allows applications to subscribe to the non-
buffered data produced by the SDS, WDS or GDS, while the server library allows applications to publish 
that data. 

  The DSI or DAQ-Storage-Interface. The client library allows applications to access the buffered 
data produced by the SDS, WDS or GDS.  

  The DCI or DAQ-Control-Interface. This interface allows an application to configure and monitor 
the SDS, WDS and GDS. 

  The DRI or DAQ-Raft-Interface. This interface allows an application to access the registers 
contained with the camera’s rafts, which amounts to the ability to configure and monitor the FPAs 
electronics. 

18.1.7 Camera development support  
The design of the DAQ system takes into account that various instances of the DAQ system, 
geographically distributed, are necessary during the design and construction of the camera, not just at 
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its conclusion.  These systems will have a crucial role in supporting other subsystem activities.  Some 
examples of these activities are: 

  Sensor and Raft development. This development will require the need to acquire, process and 
store engineering, image data.   

  Integration and Test (I & T). As rafts arrive for camera integration, they require acceptance 
before that integration can be performed. That acceptance involves acquisition and processing of its 
data.   

  Data Management (DM) data challenges.  During these challenges DM requires an instance of 
DAQ system, operating in simulation mode to source the data driving its pipelines.  

The intrinsic modularity of the DAQ system is well suited to supporting these types of activities. The 
features deriving from this modularity include:  

  It’s economical. At a minimum requiring a 2-slot ATCA shelf containing a single COB and 
COB/RTM.  If necessary, this board and its corresponding RTM can themselves be depopulated for those 
applications that only require single raft support.  

  Its external requirements are modest. At a minimum requiring no more that a single (1Gigabit) 
Ethernet cable connected to a commodity desktop machine or blade.  

  It’s portable. Its interfaces have few external dependencies and are designed to operate within a 
differing number of operating system environments.  

  It’s scalable.  Capability in both number of servers and storage can be added to a pre-existing 
system as the requirements of its corresponding activity both mature or evolve. 

  It’s self-configurable, requiring no more than a single IP address.  

18.1.8 Dataflow 
Clocking for the sensors and electronics of the FPA is entirely synchronous. The source for this clock, as 
well as low-level timing signals are provided by the Timing-Control-Module (TCM). The TCM is itself 
controlled and managed by the CCS.  The DAQ system is slaved to this clock, but does not depend 
directly on the TCM for its operation. Instead, the DAQ system is simply triggered by data arrival. 
Therefore, from its perspective it acquires, processes and buffers data unsolicited. 

Although a discussion of a raft’s electronics architecture and its interaction with the TCM are beyond the 
scope of this document three of its functional blocks are related to the flow of data into and through the 
DAQ system. These are:  

  The Time-Base. This is simply a 64-bit counter which increments at the system clock rate. This 
counter is seen by its corresponding SCI as two 32-bit registers and can consequently be read and 
written to by that SCI.  
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  The Sequencer.  This is a programmable state machine. It controls the low-level signals 
necessary to clock the raft’s sensors appropriately for its different modes - idle, clear or read. In read 
mode the sequencer is also responsible for digitization of sensor data. The sequencer is seen by its 
corresponding SCI as a set of registers and can consequently be programmed through that SCI. 

  Sampled-Time. This is simply a 64-bit register containing a sampled copy of the time-base. The 
time-base is sampled each time the sequencer is started. Independent of programmed sequence, this 
sampling always occurs at fixed time relative to the time at which the sequencer was started.  This 
register is seen by its corresponding SCI as two 32-bit registers and can consequently be read by that 
SCI.    

Both the time-base and sequencer can be started and stopped synchronously, over the entire FPA 
through the TCM. On reset, both time-base and sequencer are stopped.  

Using the TCM and the DAQ system’s DRI interface the CCS system initializes and starts each time-base 
of each raft in the system.  The time-base is initialized in such a fashion that it correlates directly to 
“time-of-day”. Thus, once started by the TCM, each time-base of each raft maintains the same 
consistent copy of the current time. This time has a resolution equal to the system clock (nominally 50 
Nanoseconds).   

Once time-bases are setup the CCS (again using the DRI) configures each sequencer of each raft with its 
appropriate program. Once the entire camera is successfully configured the CCS, using the TCM, starts 
each sequencer on each raft.      

At some point the running sequencer, as part of its program, initiates a read-out.  In turn this triggers, 
for each sequencer on each raft, the following transitions:  

  As Read-out begins a raft’s electronics: 

  Samples its time-base 

  Clocks data into the data interface of the raft’s SCI 

  As data arrive at the SCI: 

  That data is R/S encoded and transmitted to the CDS  

  As data begin to arrive at the CDS: 

  The CDS (through its SCI) reads the raft’s sampled time   

  As data arrive at the CDS: 

  They are restructured and R/S decoded, becoming “raw” data 

  Using the sampled time that raw data is tagged with its corresponding identifier 
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  The raw data are processed becoming non-buffered data 

  The non-buffered data are published to their subscribed clients 

  The raw data becomes buffered-data and are written to the storage system 

18.2 Requirements 
The following table lists driving requirements for the DAQ subsystem. 

Table 18-1: Key DAQ requirements 

Science data readout The DAQ shall read out science data from the science rafts 

Science readout The DAQ shall support a 2 second readout for science data 

Cross-talk corrected image 
data delivery 

The DAQ shall provide cross-talk corrected pixel data to client 
subscribers 

Raw Image Data 
The DAQ shall provide raw pixel data in response to a request for one 
or more specific images 

Persistence of raw data The camera shall persist the raw science pixel data for 2 days 

Wavefront data readout The DAQ shall read out wavefront data from the corner rafts 

Wavefront readout 
The DAQ shall support a 2 second readout for corner raft wavefront 
data 

Wavefront data 
subscription 

The DAQ shall provide  wavefront data to client subscribers 

Persistence of raw data The camera shall persist the raw wavefront pixel data for 2 days 

Guide sensor data delivery 
The DAQ shall provide the guider data to the Telescope Control System 
as defined in the Camera To Telescope ICD 

Guider readout rate The DAQ shall be capable of reading out the guide sensors at >9Hz 

Test Stand Support 
The DAQ shall provide multiple instances to support test stands, 
operations and maintenance 

18.2.1 The Storage system 
Typically, this requirement is expressed as “buffering for two day’s worth of observation”, or around 34 
Terabytes using the following assumptions: 

  One Image requires around 7 Gigabytes of storage (wavefront + science data) 
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  The camera is capable of producing roughly 200 Images/hour 

  One observational day is 12 hours long   

18.3 Fabric Topology 

18.3.1 Introduction 
The location of the DAQ system as well as its related equipment over the entire facility, including both 
the summit and base-camp is illustrated in Figure 18-6. 

 

 

Figure 18-6: Distribution of DAQ equipment 

To minimize cost and maintenance the summit has a single DAQ system. This single system has to take 
into account three factors:  

  Camera maintenance. Implies the camera itself has mobility.    

  Camera operation. Where do personnel operate camera? 
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  Location of the Data Management System in the base-camp 

Equipment distribution and fiber-optic plant are designed to allow that single system to acquire camera 
data independent of camera and operator location. The nexus for that system is the CDS and its 
corresponding storage system (the CFS). Both CDS and CFS are 14-slot ATCA shelves located in the 
summit computer room.  

Fiber is permanently routed and laid between the computer room and the camera’s four potential 
locations. Three of these locations would contain the camera as it is commissioned and serviced and the 
fourth is the camera’s default location - on the telescope.  A disconnect at the camera’s bulkhead  and 
patch box adjacent to the CDS allow the camera to be moved from location to location with minimal 
perturbation to the fiber plant.  The camera connects to the CDS through six (6) twelve strand fiber 
ribbon cables composed from 50/125 Micron-Multimode-Fiber (MMF).  

The CDS services 25 rafts. 21 science rafts and 4 corner rafts. Each raft has a corresponding SCI. The 
physical connection from SCI to CDS is a single, full-duplex fiber-optic link operating at a line rate of 
3.125 Gigabits/sec. 

 The input-side of the CDS has permanent connections to the fibers from these three locations. It also 
connects to a fifth set of fibers. These fibers are used to carry simulated data, generated internally by 
the DAQ system itself. In this fashion, as the camera moves or is unavailable and the DAQ operates in 
simulation, no physical re-cabling is necessary to support that change. Instead, using a software 
interface, the DAQ system is simply reconfigured to “point” at the appropriate set of fibers.     

The CDS contains within it the equivalent of a 224 channel, fully non-blocking, 10-Gigabit Ethernet 
switch. This switch forms the backbone of the DAQ fabric.  Half of its channels are connected internally 
to the CDS’s RCEs  while the remaining 112 channels constitute the output-side of the CDS.  This output 
is either directly or indirectly connected to the clusters served by the DAQ system. Note that all 112 
output-channels are, in terms of the functionality they export, absolutely symmetrical. Which specific 
channels are connected to any one cluster determines only what fraction of the total DAQ bandwidth 
the cluster has reserved for itself.  

To summarize, the DAQ system has a total bandwidth just over one Terabit/Second and the number of 
channels allocated to each of its clusters determines how that bandwidth is distributed.  This 
distribution can be readily modified to keep pace with the evolving requirements of existing clusters or 
to allow for the introduction of new clusters.   

Each channel of the CDS accepts an SFP+ transceiver.  The specific transceiver used in any one channel 
depends primarily on the distance between the CDS and the equipment connected through that 
transceiver. For example, any equipment co-located in the computer room could use a SR and 
equipment connected at the base-camp might require an ER.  

Clusters are considered connected indirectly to the CDS if they are connected through a switch, router, 
repeater or other type of bridging equipment. Typically, such bridges are neutral with respect to the 
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functions of any equipment connected to that bridge.  In such a case, bridging equipment simply 
extends the reach of the DAQ fabric.  In this fashion, with switching equipment located in the base-camp 
as well as summit control and service rooms, equipment located in those areas gains transparent access 
to the DAQ fabric. 

Fiber is permanently routed and laid between the computer room and the two different areas on the 
summit where operators reside. These are the control and service room.  

18.3.2 Clusters 
Sets of hosts with common usage requirements are called Clusters. The DAQ system expects to satisfy 
the requirements imposed by the five clusters described below. 

18.3.2.1 Data Management  
 These hosts reside within the Data Management facilities located in the base-camp. The Data-
Management (DM) system determines the number and composition of these hosts. They are expected 
to use both the CDDI and CDSI.  Using the CDDI, they will subscribe to non-buffered data produced from 
both the SDS and WDS.  Using the CDSI, they will access buffered data produced from the SDS and WDS.  

18.3.2.2 Camera Control System 
These hosts reside on the summit facility, most likely located within the computer room. The Camera-
Control-System (CCS) determines the number and composition of these hosts. They are expected to use 
both the CDRI and CDCI. Using the CDRI they will configure and monitor the health of the camera’s rafts. 
Using the CDCI they will configure and control the behavior of the SDS, WDS and GDS. 

18.3.2.3 Guiding 
These hosts reside on the summit facility, most likely located within the computer room. The Telescope-
Control-System (TCS) determines the number and composition of these hosts. They are expected to use 
only the CDDI. Using the CDDI they will subscribe to the non-buffered data from both the WDS and GDS.  
This data will form an integral part of the telescope’s feedback loops for both adaptive optics and 
guiding. 

18.3.2.4 Wavefront 
These hosts reside on the summit facility, most likely located within the computer room. The Telescope-
Control-System (TCS) determines the number and composition of these hosts. They are expected to use 
only the DDI. Using the DDI they will subscribe to the non-buffered data from both the WDS and GDS.  
This data will form an integral part of the telescope’s feedback loops for both adaptive optics and 
guiding. 

18.3.2.5 Camera Diagnostics 
These hosts are provided by the camera and are physically located in a single rack of the computer 
room.  They host that fraction of the image dependent software used to monitor and assess the health 
of the camera, either in situ or when the camera is operating in stand-alone mode. Depending on mode 
these hosts will employ all four different types of Interfaces.   
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18.4 Raft Communications (the SCI) 

18.4.1 Introduction 
The SCI is responsible for maintaining the raft side of communication between raft and CDS.  It serves as 
a proxy between the CDS and a raft’s so-called Back-End-Electronics (BEE).  The SCI has two principal 
responsibilities: 

  Reliably transmit a raft’s 18-bit sensor data. Because the raft does not buffer its sensor data, 
retransmission is not an option for bit errors occurring in transmission. Instead, all transmissions are 
Reed-Solomon (R-S) encoded  by the SCI. This encoding is transparent to the BEE.  

  Provides the mechanism to configure, control and monitor the raft’s electronics.   

The SCI is a small, self-contained set of Core IP hosted on an FPGA within a raft. Typically, it shares the 
FPGA with the firmware managing the raft’s BEE. For example, for the science rafts the SCI resides on 
the FPGA contained in the Raft Control Module (RCM). Its implementation derives heavily from the PGP 
protocol. 

The SCI has both front and back side interfaces. The front side interface connects to the firmware 
managing the BEE, while its backside interface connects to pins on its corresponding FPGA. In turn, 
signals on these pins eventually find their way to the SCI communication path.  A block diagram of the 
SCI showing both front and back side interfaces is illustrated in Figure 18-7. 

 

 

Figure 18-7: Block diagram of the SCI 
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18.4.2 The front side interface 
 The front side interface connects to the logic managing the raft’s electronics and sensors. This is the 
point at which a raft’s electronics interfaces to the DAQ system. Functionally, this interface has three 
components: 

  A Data interface used by the logic managing the BEE to pass 18-bit, sampled sensor data to the 
SCI. These sensor data are presented unsolicited, one value at a time. This is an asynchronous interface 
allowing the BEE to present samples at it own rate.  The managing logic of the BEE determines how 
many sensors samples correspond to any one read-out sequence by asserting the Start-Of-Transfer 
(SOF) and End-Of -Transfer (EOT) signals.  Note that interface passes its data to the SCI’s Data Encoder, 
where error correction is added before transmission.  

  A Control interface that allows the CDS to remotely configure, monitor and control the BEE. The 
control interface models the BEE as an arbitrarily sized space of 32-bit registers held by the logic 
managing the BEE. The interface provides the CDS the ability to read, write or modify (indivisible 
read/modify/write) those registers. This is an asynchronous interface allowing the logic managing the 
BEE to respond to access requests at its own rate. Note that this interface is actually to the Register 
Encoder/Decoder.     

  A Clock and reset interface. This interface allows logic managing the BEE to access the clock and 
reset signals recovered by the SCI and sourced by the CDS. 

18.4.3 The back side interface 
Unlike the front side interface which is a soft interface connecting to logic within the FPGA, the back side 
interface is a hard interface mapping to specific pins on the SCI’s corresponding FPGA.  The pins provide 
access to the SCI’s external data interface as well as its necessary reference clock. To operate the SCI at 
3.125 Gigabits/second the reference clock must provide a stable 125 MHZ signal.   

The data interface is connected to one of the FPGA’s MGTs, which in turn is connected to the PGP 
protocol block constituting the bulk of the SCI’s implementation.  This interface requires four pins, 
organized as two, CML differential pairs. One pair is used to transmit and the other to receive.   

18.4.4 PGP 
Imposed over the physical link between SCI and CDS is a SLAC developed serial protocol called PGP 
(Pretty-Good-Protocol,). The development of this protocol along with its various implementations was 
part of the same Detector R & D project responsible for the DTK. The features of this protocol are as 
follows: 

  Operates asynchronously up to speeds of 6.5 Gigabit/sec 

  Full-duplex operation 

  Implements 8B/10B encoding/decoding 

  Provides for clock recovery and remote resets 
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  Cell based framing providing for low latency response 

  Quality-Of-Service (QOS) through up to four virtual channels 

  Point-To-Point service (no explicit addressing information) 

The protocol was explicitly optimized to facilitate implementations that are both lightweight and require 
the relatively modest resources necessary in those environments where power and physical footprint 
are constrained, as, for example in the many channels of a HEP detector’s corresponding front-end 
electronics.  

 SLAC provides an implementation of this protocol targeted for use in a wide range of Xilinx FPGAs. This 
implementation is well suited for the environment of the raft. It hides the mechanics of wire 
transmission and reception as well as virtual channel multiplexing/de-multiplexing and allows for logic 
on the FPGA to slave itself to a recovered clock and receive external resets. Its external PHY interface is 
used in conjunction with a serializer/deserializer such as the Multi-Gigabit-Transceivers (MGTs), 
embedded as hardened silicon in Xilinx FPGAs.  Its internal interface presents to the logic in the FPGA 
four data ports, one for each virtual channel. The size of each data port is independently configurable to 
process data in units of either 16 or 32 bit words. Data is either sent or received in arbitrary, word-sized 
frames. 

The SCI employs two of those four virtual channels. One channel connects to the Data Encoder while the 
other channel connects to the Register Encoder/Decoder.  

18.4.5 Error Correction 
Error correction information is added by the SCI in its functional block called the Data Encoder (see). 
One side of this block connects directly to the logic managing the BEE and the other connects to one of 
the four data ports provided by the PGP protocol core. The block will employ a Reed-Solomon (R-S) 
correction code. It corresponding decoder will operate in the CDS. Both encoder and decoder will be 
derived from a well-established implementation provided by Xilinx.  

This supplemental, error correction information is referred to as check symbols. R-S codes are typically 
parameterized as (n, k) codes, where n is the total number of symbols in one code block and k is the 
number of information symbols. The difference (n–k) is the number of check symbols. 

Encoding subtracts from the actual data bandwidth and adds to its latency. The minimum, necessary 
number of check symbols is a complicated function of the necessary communication reliability and 
latency, implementation footprint, the amount of overhead of its transmission and the actual reliability 
of the constructed data path.  None of these parameters are well understood at this point in the 
evolution of the camera.  To compensate for this absence of knowledge, the total available bandwidth 
for a science raft is sized (assuming a 2 second readout) with more than a 100% contingency and the 
encoder block is designed such that it can be readily reconfigured and re-tuned.  

However, to express how these parameters might play against each other assume the most efficient 
implementation on the SCI. For such an implementation the SCI would mostly likely equate a symbol to 
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a byte (8 bits) of information and would use a (132,128) sized code block. This encoding corrects up two 
symbols in each code block and would add about 3% to the total data rate. 

18.4.6 Configuration, monitoring and control 
The CDS uses a Remote-Register-Protocol (RRP) carried on PGP frames to configure, monitor and control 
the BEE of any one raft.  The functional block to encode and decode such frames is called the Register 
Encoder/Decoder (see Figure 18-7).  One side of this block connects directly to the logic managing the 
BEE and the other connects to one of the four data ports provided by the PGP protocol core.  

This RRP assumes an asymmetrical communication model of master and slave. Where, the slave is 
assumed composed of a series of 32-bit registers accessible to its corresponding master through one of 
the four virtual channels of PGP. Each register of that slave is assumed to have an associated address 
within a 24-bit space.  The number and address assignment of these registers is, from the perspective of 
the protocol, completely arbitrary. To access a slave’s address space the protocol allows three different 
master operations: 

  Read a single register. This operation presents to the slave the address of the register to be 
read. The slave returns to its master status information and/or the read value. 

  Write a single register. This operation presents to the slave the address of the register to be 
written and its new value. The slave returns to its master status information. 

  Modify a single register. This operation presents to the slave the address of the register to be 
written, a list of bit fields within that register to be modified and for each field within the list its new 
value.  Modification implies a read of the current value of the register, followed by a conditional 
modification of the fields of that read value, followed by a write. Note that this modification is done, 
from the perspective of the master, as a single indivisible operation. The slave returns to its master 
status information and the value of the register before it was modified.  

Note that in this model only the master is allowed to initiate and solicit communication. The slave can 
only respond to that communication, it can never spontaneously generate communication unsolicited.    

The Register Encoder/Decoder of the SCI is one such slave implementation of the Remote-Register-
Protocol. Note, however, that this block does not in and of itself contain any registers. Instead, it 
assumes those registers are held by the logic managing the BEE and simply proxies through its 
corresponding interface any request by the CDS to access those registers.  

18.5 The SCI/CDS communication path 

18.5.1 Introduction 
The design goal for communication between SCI and CDS requires a full-duplex, fiber-optic path rated 
for operation at distances up to 300 meters at a signaling speed of 3.125 Gigabits/second.  Although the 
protocol running over this path offers error detection and correction its correction efficiency assumes a 
relatively loss-free path. While the sum of these design requirements is not excessive, careful design and 
engineering of this path will be necessary to meet them. Studies conducted by the Telescope and Site 
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team indicate that the actual path length between the camera on the telescope and the CDS in the 
computer room, including rotator and drape, is on the order of 165 Meters. Therefore this design goal, 
when met, would offer an almost 50% contingency. However, the communication path from SCI to CDS 
is necessarily not contiguous and its design must make provision for copper-to-light/light-to-copper 
conversion, as well as the breakouts necessary to construct and maintain both telescope and camera. 
This path is illustrated in Figure 18-8. 

 

 

Figure 18-8: The OTM and data transmission between SCI and CDS  

Starting from the FPA, information traverses this path encountering the following waypoints: 

  Information is both transmitted and received by the Serdes of the FPGA. This FPGA is contained 
on a PCB (Printed-Circuit-Board) located in one of the FPA’s rafts. The serdes interface is comprised from 
two CML (Current-Mode-Logic), differential pairs. One pair is used to transmit and the other pair to 
receive.  

  That interface is extended to four (4) coax connectors at the edge of that board. Each coax 
connector carries one leg of a differential pair. 
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  4 coax cables connect to the feed-through. The feed-through marks the penetration between 
cryostat and camera utility volume. 

  4 coax cables connect from the feed-through to coax connectors on a transition board. 

  The transition board is connected directly to a field-replaceable board. This board is responsible 
for copper/light conversion. The combination of transition and field-replaceable board is called the 
Optical-Transition-Module or OTM. These transceivers are identical to those on the RTMs of the CDS. 

  Fiber is connected to bulkhead connectors at the physical edge of the camera. These connectors 
allow the camera to be dismounted from the telescope. 

  Fiber runs contiguously from the bulkhead connectors to a patch-panel located in the computer 
room, adjacent to the CDS. This patch-panel allows remapping of the fibers to the inputs of the CDS. 

  Fiber from the patch-panel connects to the transceivers of the CDS. These transceivers are 
located on its RTMs. These transceivers are identical to those on the OTM.  

18.5.2 The Optical Transition Module 
For reasons of cost and power efficiency optical paths are aggregated together in units of twelve (12) by 
the Optical-Transition-Module or OTM. The OTM is located in the space reserved for electronics in the 
camera’s utility trunk. The OTM consists of two, directly connected PCBs, one field-replaceable and the 
other not. These two boards will conform to the electrical and physical standards imposed on any 
electronic board located in the Camera’s Utility Trunk. 

The field-replaceable board is quite straightforward and consists almost entirely of two twelve-channel 
fiber-optic transceivers and the DC-DC converters necessary to power them. One transceiver is operated 
as a transmitter and one as a receiver and in this fashion provides 12 full-duplex channels of conversion.  
The fiber-optic transceivers on this board will be identical to the transceivers used by the CDS/RTM.  
Monitoring as well as any configuration of these transceivers is done through their respective I2C 
interfaces. The CCS is responsible for that monitoring.  

To allow the field replaceable board to be removed without perturbing the critical coax cabling plant to 
the raft, it’s connected to a passive, transition board. This board simply contains, in addition to its 
connections to the field-replaceable board, 48 coax connectors, which in turn provides the necessary 
connectivity to their corresponding rafts.  

The camera contains three (3) OTMs. The mapping of each of their 12 channels to the thirty-three (33) 
SCIs of the FPA remains TBD.    

18.5.3 Fiber-Optic cable  
The camera uses twelve-strand fiber ribbon cables composed from 50/125 Micron-Multimode-Fiber 
(MMF). The camera contains three OTMs and each OTM requires two ribbons, one for each half duplex 
of communication. Therefore, six (6) cables are required to establish the communication path between 
camera and CDS. Note that athere are actually three sets of such cables installed on the summit. 
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18.6 Storage systems (the CFS) 
The CSF is capable of housing more than one hundred (100) Terabytes of flash based storage.  This 
storage is used to buffer incoming data from the SDS, WDS and GDS. Physically, the CFS is a 14-slot ATCA 
shelf, containing in each of its slots a common, purpose built Front-Board and RTM. Both Front-Board 
and RTM conform to the PICMG Physics for ATCA standard.   

18.6.1 The CFS Front-Board 
This is a passive, carrier type board, which simply reuses ATCA as a substrate for housing SATA based, 
1.8” flash storage drives.  While it does contain an IPM Controller, it uses neither its base nor its fabric 
interfaces. It simply contains forty-eight (48) SATA 1.8”connectors. In turn, each one of these connectors 
are routed to a corresponding, external SATA (xSATA) connector on its corresponding RTM. As a base-
line this board is populated with forty-eight, Intel, 160 Gigabytes Solid-State-Drives, giving a total of 
roughly 7.7 Terabytes of storage per board, or with the shelf fully populated around 107.52 Terabytes. 
Note that the access to this storage is accomplished through the CDS/CMI.  

18.6.2 The CFS/RTM 
This RTM simply contains forty-eight (48) External SATA connectors (Commonly referred to as xSATA 
connectors. It is used to connect the CSM to the CDS.  Each connector simply connects to its 
corresponding SATA drive on its Front-Board described above. In addition to its SATA interface, the RTM 
exports eight (8) channels of 10-Gigabit Ethernet using SFP+  as its form factor. 

18.7 The Camera-Data-Source (CDS) 
The CDS has five principal functions. It: 

  Provides the physical interfaces to its corresponding SCIs (through the Optical) 

  Provides the physical interface to its corresponding CSM (using xSATA) 

  Hosts the software realizing the SDS, WDS and GDS 

  Hosts the software (CSS) providing access to the flash memory of the CFS 

  Provides a physical interface to the Ethernet fabric 

Physically, the CDS is a 14-slot ATCA shelf with a full-mesh backplane.  Inside, the shelf’s slots are 
populated with Front-Boards directly inherited from the DTK as well as two different types of purpose 
built RTMs.   One of these RTMs is the identical RTM used by the CSM while the other is used exclusively 
by the CDS to interface to its SCIs. Both Front-Board and RTMs are briefly introduced below. 

18.7.1 The CDS Front-Board 
This Front-Board is directly inherited from the DTK.  

On its front-side any one slot is populated with a Cluster-On-Board (COB).  The slot contains one of two 
different types of RTM.  These are active boards, containing computational elements with software and 
firmware on each board customized to fit the particular needs of the SDS, WDS or GDS or CMI.   
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18.7.2 The CDS/RTM 
This RTM contains eight (8) Reflex-Photonic, twelve (12) channel transceivers. It is used to connect the 
CDS to its thirty-three (33) SCIs. Each transceiver is capable of operating at up to 3.125 Gigabits/second. 
Four of these transceivers are operated as transmitters and four as receivers, giving the RTM a total of 
forty-eight (48), full-duplex channels of SCI interface.  In addition to its SCI interface the RTM also 
contains eight (8) channels of 10-Gigabit Ethernet using SFP+ as its physical form factor.  

18.8 Software read-out architecture 

18.8.1 Introduction 
Sensor read-out is managed by software executing within Read-Out RCEs. These RCEs are physically 
located in the COBs contained within the CDS.  Each SCI is paired with one of the thirty-three SCIs of the 
FPA.  Abstractly, the RCE’s software simply serves as a proxy for its corresponding SCI and its 
responsibilities are, for the most part, independent of whether that SCI serves science, wave front or 
guider sensors. These are:  

  Receiving sensor data from its SCI 

  Processing that data producing both its buffered and non-buffered counterparts 

  Publishing its non-buffered data 

  Persisting its buffered data 

  Serving requests from the DCI  

  Serving requests from the DRI 

This software is completely command and data driven. As data arrive from the SCI they are simply 
processed and forwarded to their appropriate clients. As commands arrive from clients through either 
the DCI or DRI they are processed and acknowledged.  

18.8.2 Software services 
To perform command and data processing the RCE contains two tasks. For implementation both tasks 
draw on the software services provided by both system core and application software.  The data 
dependencies between these services and their corresponding task are illustrated in Figure 18-9. 
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Figure 18-9: RCE software read-out entities  

The Camera extends the base system core to include support for its PGP as well as decoder plugins. Note 
that PGP support includes the addition of the RRI (Remote/Register-Interface) as a well-known service.  
The RRI provides a software interface to the Remote/Register Protocol. In addition to its two tasks, the 
application code base includes the services of the router and the four different DAQ interfaces. Neither 
task “sees” the router directly - instead they deal indirectly with the router through the four DAQ 
interfaces. Note that the implementation of the four interfaces and router are designed to be portable. 
Both interface and implementation are identical, independent of execution on the RCE, under RTEMs or 
on a commodity server under LINUX.  
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19 Electrical and Electronic Utilities 

19.1 Introduction and Requirements 
The LSST camera is a large complex device but all of that complexity is directed at one and only one goal 
– to provide very high resolution images at, for an astronomical instrument, a very high repetition rate. 
The Focal Plane Array (FPA), the heart of the camera, is described in detail in Chapters 9, 10, 11, and 12. 
In this chapter we will describe the electrical and electronic support functions needed to allow the FPA 
and the rest of the camera to operate properly.  The utility requirements are all derived from the 
science requirements imposed on the sub-system being supported or from constraints imposed by other 
parts of the camera – e.g. the few electron noise level required of the electronics for the FPA implies a 
low noise, high stability, power supply but does not directly translate into detailed power supply 
specifications. 
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Table 19-1: Key power control and monitoring requirements 

Command and Control 
The Power Control & Monitoring subsystem shall accept control 
commands from the CCS per the Power Control & Monitoring to CCS 
ICD 

Telemetry 
The Power Control & Monitoring subsystem shall provide digitized 
telemetry to the CCS per the Power Control & Monitoring to CCS ICD 

Overcurrent protection 
The Power Control & Monitoring subsystem shall provide overcurrent 
protection 

Overvoltage protection 
The Power Control & Monitoring subsystem shall provide overvoltage 
protection 

Power source 
The Power Control & Monitoring subsystem shall accept power from 
the facility as defined in the Camera to Telescope ICD 

Power filtering 
The power control and monitoring subsystem shall provide input power 
filtering 

CCS power 
The Power Control & Monitoring subsystem shall provide power to the 
CCS as defined in the Power Control & Monitoring to CCS ICD 

MPM power 
The Power Control & Monitoring subsystem shall provide power to the 
Master protection module as defined in the Power Control & 
Monitoring to Master Protection Module ICD 

DAQ power 
The Power Control & Monitoring subsystem shall provide power to the 
DAQ as defined in the Power Control & Monitoring to  DAQ ICD 

Cryostat power 
The Power Control & Monitoring subsystem shall provide power to the 
Cryostat as defined in the Power Control & Monitoring to Cryostat ICD 

Shutter power 
The Power Control & Monitoring subsystem shall provide power to the 
Shutter as defined in the Power Control & Monitoring to Shutter ICD 

Camera body power 
The Power Control & Monitoring subsystem shall provide power to the 
Camera Body as defined in the Power Control & Monitoring to Camera 
Body ICD 

Filter Exchange power 
The Power Control & Monitoring subsystem shall provide power to the 
Filter Exchange System as defined in the Power Control & Monitoring 
to Filter Exchange System ICD 
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Science Raft power 
The Power Control & Monitoring subsystem shall provide power to the 
Science Rafts as defined in the Power Control & Monitoring to Science 
Raft ICD 

Corner Raft power 
The Power Control & Monitoring subsystem shall provide power to the 
Corner Rafts as defined in the Power Control & Monitoring to Corner 
Raft ICD 

In addition to the direct requirements, there are a number of significant constraints that also guide the 
design of these utility functions – 

• High availability – so both highly reliable hardware and relatively easy replacement of individual 
boards or modules wherever possible. 

• Low power – especially inside the cryostat where cooling is especially difficult, but, in fact, 
everywhere in the camera. Power and the associated cooling are always expensive in terms of space and 
reliability and for an astronomical instrument it is also necessary to avoid generating heat plumes in the 
optical path. 

• Built in test and monitoring – to ensure timely maintenance and, thereby, high reliability. 

• Compact size and low mass – to fit within the space available without overloading the telescope 
mount and drive. 

19.1.1 Support for FPA 
The focal plane array (FPA) consists of 21 science raft towers mounting 189 CCDs, nine per raft and four 
corner rafts mounting two guide sensors and one wave front sensor. Each of these twenty five rafts is an 
independent mechanical and electrical object capable of operating as a stand –alone camera.  Even after 
integration into the cryostat grid, each raft is treated as an independent electrical object in terms of 
power, control path, and data path.  

19.1.2 Mechanical Interfaces   
Block diagrams of electrical and electronic devices are only part of the story, the physical dimensions 
and locations of each device are also a critical part of the design. Given the location of the camera in the 
optical beam of the telescope there are very tight constraints on the available space and this space is, to 
first order, cylindrical rather than the rectangular rack and crate type of space usually reserved for 
electrical and electronic devices.  In addition, the camera is not easily accessible when it is mounted on 
the telescope and much of the outside of the camera is hidden behind features such as the secondary 
mirror or the hexapod. While the camera can be demounted from the telescope for full servicing, that is 
a non-trivial effort that takes many days and so it is important to place as many critical components in 
areas that are accessible (even if difficult to access) while the camera is mounted on the telescope. 
Fortunately, most of the camera body where the shutter and filter mechanisms are located can be 
accessed with the camera on the telescope and, in addition, there is a region inside the hexapod, 
forward of M2 that can be accessed via walkways built into the telescope. The baseline design, 
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therefore, places as much of the critical electronics (not, of course, the focal plane electronics) in these 
two regions. Figure 19-1 shows a cutaway of the entire camera with the filter and shutter region on the 
left and the Utility Trunk (UT) on the right. The fan shaped yellow, green and blue structure in the left 
center of the UT is located where there can be access through the struts of the hexapod.  

 

Figure 19-1: Picture of overall UT, circular card cage area 

The fan shaped structure is a conceptual design for a cylindrically organized array of electronics cards 
and is shown in more detail in Figure 19-2 below. In this concept there are replaceable cards that may 
be accessed through the openings in between the legs of the hexapod and these cards plug in to fixed 
connection cards (or blocks) that provide the interface to all the internal wiring of the Camera. In the 
present conceptual design there is room for three such “crates” of electronics in this moderately 
accessible region with a total of about 60 slots at more or less normal board to board spacing. The actual 
electronics will, of course, be much more varied with some boards needing relatively few connections to 
the Camera wiring while others need many connections or with some boards requiring very little board 
to board space while others may require more than one nominal “slot”. The reader will probably note 
that there is no “backplane” shown in the figure and that a normal backplane structure would be 
difficult with the cylindrical geometry. In fact much of the wiring inside the Camera is not from board to 
board or electronics box to electronics box, but rather in and out of a given board or box. For instance 
the Timing and Control Module has a small number of inputs from CCS and a large number of inputs and 
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outputs to the science and corner rafts. Similarly, the power supply boards have a 48V power bus input 
and a control connection to CCS but almost all the cabling is supply cables to the various loads. In the 
conceptual design shown, there is a “permanent” rear card that carries the connectors to the Camera 
cable plant but that card can also, easily, carry a small connector for common signals that are bused 
board to board over flexible wire or a flexible circuit – in effect a small flexible backplane. The 
advantages of simple radial removal and insertion of boards or modules plus the ability to tailor the 
devices to the space available easily outweigh the necessity of designing an unusual custom mechanical 
support system. 

 

Figure 19-2: Conceptual design for a cylindrically organized array of electronics cards 

19.2 Power Distribution 
Power is provided to the Camera from the Observatory via a dedicated AC feed from an electrostatically 

shielded ∆ -Y transformer used solely for feeding the Camera. For the baseline design, we have specified 
a 120/208V 50 Hz five wire feed (three phases, neutral and safety ground) connection to the camera as 
shown in Figure 19-3.  
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Figure 19-3: 120/208V 50 Hz five wire feed 

This is subject to change as some of the loads are better understood, but is a reasonable starting point.   

Once inside the camera the AC power will be filtered once again (immediately at the AC disconnect) to 
isolate the Camera from possible external disturbances and the phases will then be divided into “clean” 
and “dirty” loads roughly as shown in Figure 19-4. Loads described as “dirty” are those which could 
inject noise into the power system either because of sharply changing currents with normal operation as 
with motors starting or stopping or because the load could be prone to instabilities or breakdowns as, 
for example, high voltage vacuum gauges. Significant isolation between clean and dirty is obtained 
simply putting those loads on separate AC phases. In addition there will be LC filters not only at the 
camera input but also at each separate AC load bus. 
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Figure 19-4: Division of Camera “clean” and “dirty” power loads 

The major loads are listed in Table 19-2 along with estimated peak power (average power is generally 
much less as discussed in the sections on individual sub-systems). The input supply must be able to 
supply the maximum peak power (which may be less than the sum from this table as some loads may 
not ever run simultaneously with some other loads). The cooling load for the camera is, of course, only 
the maximum average power as long as the thermal time constants of the various parts of the camera 
are less than the duty cycle of any of the loads – so, for instance, the shutter only operates for one 
second out of eighteen, but the vacuum pumps may operate for many hours during daylight and then be 
quiescent all night. 

Table 19-2: Major Camera electrical loads, with estimated peak power 

Load Type of Power Peak Power Load Location Regulator Location Note 

FEB Regulated DC 800W Cryostat UT Most 
sensitive 

RCC Regulated DC 800W Cryostat UT Cold plate 

Fiber 
Conv 

Regulated DC 100W UT UT  

TCM Regulated DC 50W UT UT  

CCS Hdw Regulated DC 500W UT/C Body UT  

CCS 
Network 

Regulated DC 150W UT/C Body UT Cu 
Ethernet  
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Load Type of Power Peak Power Load Location Regulator Location Note 

Vacuum 
Pumps 

AC 2kW Rear of 
Cryostat 

None Unregulate
d 

Vacuum 
Gauges 

DC / AC 300W Rear of 
Cryostat 

UT Moderate 
regulation 

Filter 
Exchange 

DC / AC 2kW Camera Body Camera Body CAN Bus 

Shutter DC / AC 1kW Camera Body Camera Body  

19.2.1 AC-DC bulk conversion 
The DC “quiet” load power is provided from a commercial AC to DC bulk converter that provides a 48V 
intermediate voltage to all the various low power DC-DC converters that do the final conversion to the 
Voltage and power levels required by the Science Rafts and other quiet DC loads. There are a great 
number of possible candidate AC-DC converters available and no selection has been made of 
manufacturer or model. However, whatever converter is selected must demonstrate high reliability 
(perhaps including provision for N+1 redundancy), low conducted and radiated noise, high efficiency, 
and a physical form factor compatible with the space available in the UT. Ideally this converter would fit 
in the “Electronics Crate” region of the UT so that it could be serviced or replaced without significant 
downtime and at least a few manufacturers have models that would not only seem to satisfy all the 
above requirements but also have a form factor that is compatible with the presently defined 
electronics space – largely due to the requirements of the telecommunications industry. 

19.2.2 “Dirty” AC loads 
Motors, solenoids and other loads that can exhibit high inrush currents or otherwise might generate 
interference are powered on a separate phase (or set of phases as shown in Figure 19-4) in order to 
provide some level of conducted noise isolation. As the “dirty” loads become better documented, 
measures to provide additional isolation or to simplify the planned isolation may need to be developed. 
At the moment the baseline is to use commercial motor controllers for the various motors in the shutter 
and filter mechanisms. As the motor and controller selection converges we will be able to characterize 
those devices and understand how “dirty” (or “clean”) they may be in terms of current spikes or 
radiated emissions.  

19.2.3  “Clean” AC and DC loads 
Some of the commercial instrumentation or machinery inside the camera body or the utility trunk (for 
instance network switches) may present loads that are constant and have no likelihood of causing 
interference and may depend upon standard AC power supplies or simple DC power.  Where possible, of 
course, we will prefer to use the DC supply modules described below for DC power as they will not only 
provide clean, regulated power but give the control system continuous monitoring information on 
voltage and current. In some cases, of course, the commercial device may require a complex AC-DC 
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converter and it may prove simpler to repackage the commercial power package to fit in the space 
available. 

19.2.4  “Raft Power”  
The science and corner rafts are probably the best understood loads and, of course, the most sensitive. 
In the baseline design we need a number of different well regulated DC voltages as shown in Table 19-3. 

Table 19-3: DC voltages 

Voltage(V) Current(A) Name Description 

-2 2.2 AVSS  

2 2 DVIN1  

7 2.9 AVDD  

5 3.3 DVIN2  

30 .5 VHH  

30 .5 VIN  

-110 .006 VBIAS Adjustable 0 to -110V 

The baseline plan for this power, the Power Distribution System (PDS), is to have a number of custom 
raft power   cards in the electronics crate volume fed from the 48V power bus and controlled by a single 
PDS control card based on a PC104 single board computer giving CCS compatible control of the PDS over 
a simple “backplane” that distributes the 48V and a set of serial control signals to the individual power 
cards. Each card would provide the multiple independent supplies listed above to several Science or 
Corner Rafts. Each voltage would be individually monitored, for voltage and current as well as faults and 
have individually adjusted voltage, current, and thermal limits. Any single Raft and any single supply for 
that raft can be individually turned on or off and, by the same token, sequenced in a suitable way. Each 
supply (one voltage for one raft) is an independent DC-DC converter with isolated outputs so that the 
power system does not cross-couple the rafts. Prototypes of individual supply modules using 
commercial DC-DC controller chips have already been constructed and measured to have performance 
close to that required for the final system.  Packaging all the required supplies in a space efficient 
fashion will not, however, be a simple task. 



LSST Camera Conceptual Design Report 

484 
 

 

Figure 19-5: Serial interface of Raft power cards to the controlling PC104 

As indicated in Figure 19-5, the individual raft power cards are expected to have a very simple serial 
interface to the controlling pc104 – PMB (Power Management Bus) is most likely at the moment but 
some other serial protocol such as I2C (of which PMB is a superset) or SPI is also possible. This choice 
simplifies the packaging but sets a relatively modest upper limit for the number of control commands or 
parameter reads per second – in the tens of kHz rather than tens of MHz. 

19.3 Control and Monitoring 
As noted above, we baseline a system with complete control (on/off and voltage set point) and 
complete monitoring of output voltage and current for each of the supply voltages for each load. So, for 
instance, we list seven independent voltages for each raft in the table above – so, at a minimum, there 
will be 147 on/off controls, 147 voltage set points, 147 current monitors and 147 voltage monitors all 
readout via the controlling pc104 (or equivalent). In addition, the standard DC-DC controller chips 
include independent over voltage and over current set points and so there will also be a set of digital 
alarms monitored by the system, independent of the continuous precision monitoring measurements 
that will allow trending and should serve for early diagnosis of possible problems.  

19.4 Optical and Network Communications 
Dataflow within the Camera and from the Camera to the Observatory is over two separate sets of high 
speed serial links. The main science data flow (RCM to SDS) is carried via a custom high speed protocol - 
first over copper from the RCM to the UT and then converted to optical signals for the long haul to the 
SDS. All control and monitoring inside the camera is over a set of standard Ethernet links that tie 
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together the various CCS nodes implemented in commercial processors (baseline pc104 form factor).  
The external TCP/IP fiber link, plus one redundant fiber link from the off camera CCS servers to the 
Camera leads to a commercial switch in the UT which converts from optical to copper TCP/IP and 
instantiates point to point connections to each hardware component of the CCS in the Camera. This 
switch will be located in the accessible “crate” area of the Utility Trunk in order to allow easy 
replacement and servicing. 

19.4.1 Fiber Routing 
Once the science data is converted to fiber, those fibers (and the standard TCP/IP fibers connecting to 
the CCS) must be routed to a disconnect or interface patch panel near the rear of the UT. In order to 
keep the number of fiber junctions as low as possible (and so avoid signal loss), the baseline plan has the 
Fiber Converter Boards take copper signals from the RCM in over the “rear” connector (near the center 
of the UT) and have the fiber connections come off the outer radius of the converter board. This avoids 
an additional fiber interconnect, but means that fibers would have to be manually disconnected from 
the “front” of the fiber converter board which raises some questions of possible damage. A simple 
mitigation strategy is to simply include spare fiber sets in the UT leading to the disconnect patch panel 
and then on to the SDS. 

19.4.2 Internal Ethernet distribution 
The CCS Ethernet connection from the outside world to the Camera arrives at the rear of the camera 
along with the high speed RCM   DAQ fibers in a fib           
(including an appropriate number of redundant fibers) operates as an ordinary TCP/IP link and is an 
extension of the CCS network in the Observatory. This fiber Ethernet connection is routed inside the 
Utility Trunk to a commercial switch (probably located in the “Electronics Crate” volume mentioned 
above). This switch provides copper connections to each of the CCS nodes in the camera body and utility 
trunk. All of these connections are run as standard commercial CAT6 with RJ45 connectors, but routed 
along with the rest of the Camera power and control wiring in order to make the most efficient use of 
volume and to avoid any possible interference effects.  

19.4.3 Control and Monitoring 
The commercial network switch will have the normal suite of monitoring and management tools 
characteristic of modern high end switches. The custom protocol data fibers incorporate a somewhat 
simpler set of monitoring protocols which are explained in detail in the DAQ chapter. 

19.5 Support Electronics 
In addition to the custom or semi-custom electronics described above, there are a number of electronic 
functions that are expected to be performed by commercial electronics. The system level challenge here 
is not that the commercial devices would not function properly, but that they might interfere in some 
subtle way with other operations of the camera – for instance by injection of electrical noise or by 
providing too much thermal load or mechanical vibration. In order to avoid any such surprises, we are 
keeping an active interest in the commercial as well as the custom electronics performance and 
specifications. At the moment none of these devices have been fully specified and so the following list is 
only of possible problem areas and planned mitigation strategies. 
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19.5.1 Motor Controllers and sensors 
There are moderately powerful motors used to open and close the shutter and to change the filters. 
Each motor is part of a more complex mechanism with a variety of sensors providing information and 
other operators (e.g. clamps for the filters) that need to be monitored and turned on and off in a 
controlled way. The baseline plan is to use commercial “motor controller” boxes matched to the motors 
selected for the mechanical design. It will then be necessary to find accessible space in the camera body 
for these commercial boxes and to provide a hardware interface between the CCS system and the 
commercial motor controller – this may be as simple as a standard RS-232 connection. In the event that 
space of the proper form factor can’t be found for the commercial motor controller box it may be 
necessary to repackage the commercial device or, rather less efficiently in terms of cost and schedule, 
reproduce its performance in a purpose built device. The somewhat more difficult challenge that we 
clearly have to address is to provide the proper hardware to interface to all the sensors and actuators 
that are required by the shutter or filter system. While there are, indeed, rather a wide variety of 
sensors and actuators involved in the baseline shutter and filter system designs there are many different 
commercial pc104 (the CCS baseline single board computer physical standard) interface cards and the 
problem comes down to finding the best suited devices in terms of functionality, power dissipation and 
reliability while, at the same time, selecting as few different interface cards as possible in order to 
simplify sparing and maintenance.  

19.5.2 Vacuum Controllers and sensors 
In the present baseline cryostat design, the insulating vacuum is maintained by using turbo pumps 
during non-observing periods while continually monitoring the state of the vacuum with multiple 
commercial vacuum gauges. The turbo pumps must be turned on and off and the gauges monitored by 
the CCS which will require hardware interfaces between the CCS and the vacuum devices. In order to be 
near the vacuum devices and not require very long cable runs while still being located in accessible 
areas, these hardware interfaces will be placed in the “electronics crates” in the utility trunk directly 
behind the cryostat. The commercial vacuum gauges are usually interfaced to their own commercial 
“controllers” which provide human and machine readable interfaces. However, these “controllers” tend 
to be quite large and would be difficult to fit into the volume available. Fortunately, we do not need a 
direct human interface for the gauges and the machine interface is, in most cases, a very simple bridge 
circuit which requires a DC exciting voltage and an ADC to digitize the bridge difference voltage. Since 
this is easily accomplished by some channels of the PDS plus standard pc104 analog interface cards, the 
problem resolves itself into selecting the optimal interface cards and creating a suitable wiring harness. 
The turbo pump power on/off can be accomplished by an SCR switch on the turbo pump AC power line 
with that switch being controlled by a CMOS level from the pc104 interface card. The same card can be 
used to monitor the temperature of the turbo pump and any other vacuum system related quantities. 

19.5.3 Temperature Controllers and sensors 
The most critical temperature in the camera is that of the CCD sensors in the focal plane which must be 
kept at a stable temperature at the fraction of a degree level. The cryo system described in Chapter 13 
removes excess heat from the focal plane and the temperature of the sensors is maintained in a highly 
stable condition by small “make up” heaters mounted to each raft (nine CCDs). Each CCD also mounts a 
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precision RTD temperature sensor which is read by the CCS through the FEB-BEB system. The control 
loop is closed by having the CCS calculate the value of makeup heat needed for each raft. No “extra” 
hardware outside the raft-tower assembly is needed to accomplish this. However, the cryo system and 
the similar system that pulls heat from the cold plate in the rear of the cryostat need to be controlled to 
a few degrees, the power dissipating objects inside the camera body and the utility trunk must be kept 
sufficiently cool and the exterior of the camera must be maintained near ambient in order to not cause a 
“heat plume” in the telescope beam – all of these will require some level of thermal control, but the 
details are still under study and so there is not yet a full baseline plan for these critical but relatively 
(order one rather than one tenth degree) low precision control loops except that all of these loops will 
also be closed through CCS using, as much as  possible, the same hardware interfaces used for the other 
CCS functions. All such on-camera hardware would be located in the utility trunk. There will clearly be 
some CCS hardware also in the observatory utility room to interface with the compressors for the cryo 
and cold systems. 
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20 Integration and Test 

20.1 I&T Scope and Description 
The I&T organization serves as the implementation side of the system engineering effort.  Where system 
engineering focuses on flowing down requirements, defining interfaces, and assessing technical risk, the 
I&T effort works to ultimately close out technical risks, fulfill all system interfaces, and verify that all 
requirements are met.  As with system engineering, Camera integration and test planning started early 
in the conceptual design phase of the camera and continues as camera subsystem requirements and 
designs mature, and interfaces firm up. 

Camera integration and test efforts at the conceptual design stage involve the development of plans for 
the safe and timely integration of hardware delivered by subsystems into the complete camera, and 
subsequent testing to verify that camera requirements have been met.  This has been accomplished by 
focusing on three areas.  First and foremost, considerable effort has gone into providing input into the 
requirements and conceptual designs of subsystem hardware to ensure that the hardware can be safely 
integrated, that it includes the necessary design features to do so, and that subsystem interfaces and 
requirements reflect these optimizations.  The second area of focus has been in developing the plans 
and sequence of events for integrating and testing the camera.  This methodical process has helped to 
identify and resolve design and interface problems, as well as extract requirements for integration 
fixtures and processes.  It has also helped us in developing verification test concepts and the overall test 
methodology.  Third, integration planning efforts have helped us to develop requirements and designs 
for both the I&T facilities and workflow, as well as the infrastructure and fixtures needed to accomplish 
the work.  This three-pronged I&T development work has resulted in a more robust camera conceptual 
design as well as strong I&T plans and concepts. 

20.2 Camera Integration 

20.2.1 I&T principals during conceptual design 
Three overarching design principals originating with the I&T development effort have guided the camera 
design as it has evolved and been refined.  First, camera components should be modular and self-
contained.  This allows for independent assembly of components and sub-assemblies at remote 
locations within the collaboration, as well as early in-process testing of the modules before they are 
integrated in the camera.  This both reduces the risk of problems during camera integration, and speeds 
the final integration process.  Component modularity also improves serviceability by reducing the 
interdependencies between components, and allowing them to be serviced and removed with minimal 
disturbance of neighboring components.  In short, the design of every subsystem in the camera has 
been influenced by this principal. 

Second, only pre-tested and verified sub-assemblies and components are integrated into the camera 
assembly.  All key camera sub-assemblies will be both functionally and performance tested prior to 
installing in the camera, thereby minimizing the risk of downstream failures at higher levels of 
integration.  Furthermore, performance is again verified after integration in the camera, but before 
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subsequent work is performed.  Such incremental testing ensures that the outcome of each integration 
step is verified to be successful, and that any process or procedural problems are caught early. 

Third, early planning for integration and testing—and the related servicing activities during operations—
is essential during the development phase, and provides a strong base for implementing the design and 
starting construction.  The camera mechanical package is heavily constrained by its optical and 
structural requirements, and the control systems require tight inter-relationships among subsystems.  
Thus, planning for and understanding how these are brought together and tested is required to ensure 
that they operate as expected when they have been fully assembled. 

20.2.2 Subsystem Deliverables and Verification Condition 
I&T planning efforts during the conceptual design phase have resulted in a clear understanding of 
subsystem deliverable hardware and the condition in which it will be handed off for integration.  This 
has proved invaluable for defining subsystem scope, budgets, and work, as well as for identifying how 
subsystem components fit into the flow of work during integration and test.  Subsystem deliverables are 
listed in Table 20-1, and a general description of the classes of deliverables is given below. 

Table 20-1: List of Camera deliverables, organized by type and subsystem, showing the quantity required for the completed 
camera assembly 

Deliverable Subsystem Qt'y
Integrating Structures

Cryostat Cryostat 1
Camera Body CB&M 1
Utility Trunk structure Cryostat 1

Control Elements
Control system CCS 1
SDS DAQ 1
GDS DAQ 1
WDS DAQ 1

Units
Science Raft Tower Sci Raft 21
Sci Raft Control Module Sci Raft 21
Corner Raft Tower Crnr Raft 4
Corner Raft Control Module Crnr Raft 4
Power Supply crate CCS 1
Shutter CB&M 1
L3 Lens Assembly Optics 1
L1-L2 Assembly Optics 1
Filters Optics 6

Distributed Systems
Refrigeration system Cryostat 1
Protection system CCS 1
Filter Exchange System CB&M 1  

20.2.2.1 Integrating Structures 
The Cryostat, Camera Body, and Utility Trunk are key deliverables in that they provide support structure 
off of which everything else mounts.  Thus, these structures include interfaces to components from 
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many subsystems and I&T efforts cannot start without them.  Subsystem verification testing of these 
units will be done at the subsystem level, but will require more test and simulator hardware to ensure 
that all interfaces have been verified. 

20.2.2.2 Control Elements 
The analog integrating elements for camera control systems are the CCS and SDS hardware and 
accompanying software.  Similarly, these interface with multiple camera subsystems and provide the 
sole control and data acquisition interface for them.  Because of this, early versions of the CCS and SDS 
will serve as test crates for other subsystem hardware.  Test crates of the CCS and SDS will actually be 
used even during subsystem prototype testing, so design qualification of CCS and SDS functionality and 
features will be incremental and proceed along with verification of command, control, and data flow 
interfaces to subsystem hardware.  As Camera integration proceeds, then, CCS and SDS units will already 
be verified at the individual interface level. 

20.2.2.3 Subsystem Unit Deliverables 
Science Raft Towers, Corner Raft Towers, Raft Control Modules, the Power Supply crate, Shutter, and 
optics all are delivered as pre-tested units ready to mount and plug in.  These “unit-level” deliverables 
will be fully verified prior to delivery.  Their interfaces are much more straightforward, and will be 
initially verified at the unit level using simulators and test crates.  Thus, I&T testing only repeats 
previously passed tests at the Camera level. 

20.2.2.4 Distributed Systems 
The refrigeration system, system electronics crates, and Filter Exchange System are geographically 
distributed systems.  These will be assembled and tested at the subsystem level, but must be 
disassembled and re-assembled during Camera integration.  Thus, verification testing will need to be re-
done to ensure that workmanship of the final assembly was adequate and all systems meet their 
requirements. 

20.2.3 Integration and test sequence overview 
The Camera integration and test process begins with successful Pre-Ship Reviews for subsystem 
deliverable components.  This is when subsystem component test data is reviewed and verification of 
requirements checked.  The goal of this review is to check that a component is indeed ready to be 
integrated into the camera, with any non-compliances, open issues or outstanding tests identified and 
the risks associated with them understood and accepted.  If the risks are deemed unacceptably high, 
then the component needs to stay with the subsystem organization, since they have the infrastructure 
and knowledge base to work through any issues.  Ultimately, we want to make sure we know exactly 
what we are going to be integrating into the Camera. 

The Camera is comprised of three completely separate mechanical assemblies:  the Cryostat, Utility 
Trunk, and Camera Body.  The Cryostat contains the detector plane sensors, and analog and digitizing 
electronics.  The Utility Trunk supports the system electronics, power supplies, and purge/thermal 
systems.  The Camera Body houses the Shutter and Filter Exchange System along with supporting the L1-
L2 Assembly.  These three assemblies are integrated along parallel paths until very late in the I&T 
process, then brought together just prior to full verification and calibration testing.  Keeping these three 
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sub-assemblies along parallel integration paths improves our ability to respond to problems that arise 
during the I&T process, and reduces the risks inherent with assembly processes with a long, single-
thread critical path. 

A further risk reduction effort involves using incremental and repeat testing of components.  This chain 
of tests starts at the subsystem verification level, then proceeds through acceptance testing within the 
I&T organization, then post-integration testing and further combined testing at higher levels of 
integration.  Such successive testing reduces the risk of component failure at high levels of integration, 
and helps in trending, troubleshooting, and diagnosing problems that do occur during system-level 
testing. 

20.2.4 Cryostat integration and test sequence 
Cryostat integration begins with the already-verified Cryostat sub-assembly, which provides essential 
risk reduction for the downstream integration activities.  First and foremost, pre-verification of Cryostat 
services reduces system safety hazards associated them.  The Cryostat pressure vessel is proof-tested, 
and all load-carrying structures are strength-tested, including the Grid, Cryo Plate, and Cold Plate.  
Furthermore, the integrity of all vacuum joints is tested at the component level, including the vacuum-
tightness of the high-pressure refrigerant lines and channels.  Sub-assembly testing also serves to verify 
the functionality of the vacuum and purge systems, along with the refrigeration and heater circuits in 
the Cryostat.  Finally, early testing of the Cryostat allows us to ensure that all components are aligned 
correctly and meet all interface constraints.  All of this subsystem-level testing of the Cryostat allows for 
full sell-off of Cryostat subsystem requirements prior to the start of integration, significantly reducing 
the risk of failure or loss of functionality later on. 

When the Cryostat is received from subsystem testing, all fluid lines and vacuum systems are fully tested 
and complete, the Feedthrough Plate is assembled and all feedthroughs pre-tested, so the primary work 
involved in the integration process is the installation of Raft Towers and their accompanying Raft Control 
Modules.  The Science and Corner Raft Tower assemblies are fully modular and the two share many 
common design features which lend themselves to automated I&T processes.  Likewise, the RCM’s are 
independent modules that electrically connect to the Raft Towers and mount to the Cold Plate.  Both of 
these types of modules have been designed to accept standardized insertion tooling and allow for 
uniform insertion, mounting, connecting, and testing processes.  This will also easily accommodate the 
use of pathfinder and simulator hardware to reduce risk to the high-value components.  The insertion 
process is performed vertically to reduce tooling deflection and the risk associated with that. 

A detailed integration sequence has been developed and is summarized in Figure 20-1.  This allows for 
loading the 25 bays of the Cryostat in any order or sequence, depending on the demands of the delivery 
schedule.  Conceptual designs of the insertion tooling components have also been developed.  This 
sequencing and tooling development has led to a process with discrete steps and stop points to 
maximize safety and to allow for discipline specialists as appropriate at each step. 



LSST Camera Conceptual Design Report 

493 
 

 

Figure 20-1: Cryostat integration and test sequence, showing the flow of delivered hardware and in-process 
testing 

Cryostat integration begins with mounting the Cryostat onto its integration stand.  This stand provides a 
repeatable and stable mounting for the loaded Cryostat and includes an XYZ-gantry for holding Raft 
Towers and RCM’s and inserting them into the Cryostat.  All processes are performed vertically, with the 
L3 entrance window removed and the Cryostat pointed down to the ground. 

For a given bay of the Grid, Raft Towers are inserted from below.  The XYZ-gantry, mounted over the top 
of the Cryostat, reaches completely through the target bay in the Cryostat until the insertion arm 
extends out past the front face.  A Raft Tower is positioned upside-down under the Cryostat, supported 
off of the same stand used for transport and storage.  The insertion arm is then bolted to the back end 
of the Raft Tower, then the Raft Tower is pulled up into the Cryostat through the Grid.  As the Raft 
Tower is inserted, the XYZ gantry can make small adjustments to correct for misalignments. 

As the Raft Tower comes near its mounting point, the V-blocks on the Raft engage the balls on the Grid.  
This lifts the Raft off of its temporary supports on the FEE module.  The FEE module is inserted a small 
amount more until its back end comes to rest on the front face of the Cryo Plate.  The pre-loaded spring 
hold-down system for the Raft accommodates this relative motion between the Raft and FEE module.  
At this point, the XYZ gantry is holding the FEE module to the Cryo Plate against the pre-load force of the 
hold-down springs.  The mechanical integration process is completed by installing and torqueing down 
screws that hold the FEE module to the Cryo Plate.  Once the screws are in place and torqued, the XYZ 
gantry insertion arm is disconnected from the back of the FEE module and withdrawn from the Cryostat. 
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Mechanical integration is completed by transferring the attachment point of the pre-load hold-down 
springs from their temporary location on the sides of the FEE module to their permanent support points 
on the back of the Grid.  This load transfer is done by rotating the cam feature of the hold-down so it 
locks into place on the Grid. 

Once mechanical integration is complete, the Raft Tower is electrically integrated by connecting the FEE-
BEE flex cables to the connectors on the back end of the FEE module.  The opposite end is connected to 
the incoming RCM which is staged on a platform on the top of the Cryostat.  The entire Raft-FEE-RCM 
electrical assembly can now be tested to ensure that all systems are alive and functioning, prior to 
installing the RCM. 

With electrical testing complete, the RCM is mounted to the same insertion gantry but this time at the 
top of the Cryostat.  It is then lowered into place onto the Cold Plate as the FEE-BEE flex cables are 
folded up in the gap between the Cryo and Cold Plates.  The RCM is then screwed down to the Cold 
Plate and the integration gantry removed. 

The final step of the integration process involves plugging in the connectors from the vacuum 
feedthrough pigtails to the back of the RCM.  This completes electrical integration of all components 
inside the Cryostat vacuum enclosure.  Subsequent functional testing uses test hardware connected to 
the pigtails on the outside of the Cryostat, verifying workmanship for all internal connector mates as 
well as ensuring that all Raft Tower systems are alive. 

This identical integration process is repeated for all 25 bays of the Grid.  The process does not require 
any access from neighboring bays, so it is independent of the order in which the bays are integrated.  
Furthermore, since each bay is mechanically and electrically independent of its neighbors, the 
integration process can—and will—be halted at times to cool down the assembly and run cold 
performance tests.  This is done in the metrology stand, so the Cryostat is lifted out of the XYZ gantry 
and set in place on the metrology stand, then closed up with an optical flat on the front and the Pump 
Flange on the back.  Cold testing will be performed to verify performance of the Raft Towers and to 
measure the flatness of the detector plane at its operating temperature. 

20.2.5 Utility Trunk integration and test sequence 
The Utility Trunk houses and supports much of the electrical and thermal infrastructure to operate the 
camera.  This includes the system electronics, power supplies, and purge and thermal systems for the 
Cryostat, Camera Body, and Utility Trunk itself.  During operation, the UT is mounted to the back of the 
Cryostat and cantilevers away from the focal plane, through the telescope rotator and hexapod. 

The Utility Trunk is a stand-alone structure that is cantilevered off of its base and it is designed to be 
fully removable, which allows us to use it as an advanced test stand for supporting Cryostat integration.   
During integration, the Utility Trunk will be oriented vertically and mounted to a base stand.  With all 
covers removed, this configuration will allow for complete unobstructed access to all parts of the Utility 
Trunk, both for integrating components and for using it to support Cryostat testing. 
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To start with, the Utility Trunk structure will be received from the Cryostat group, having already been 
load tested and with the cooling system already commissioned.  The UT structure accommodates 
connections to all of the components that mount to it.  For the electronics crates, this includes skids for 
installing and mounting the crates and connections to the air cooling ducts.  Camera purge and thermal 
control systems will be built up on a modular support frame that can be easily connected to the 
structure, and cable and tube runs will allow for their integration. 

System electronics and purge system units will also be received from other subsystems, already pre-
tested and ready for integration.  Cryostat support systems will be integrated first.  This includes the 
power supply and network crates, and the vacuum and refrigeration system support elements, along 
with their cabling and tube runs.  Additional cabling and tubes will be added to bridge the gap between 
the UT and the Cryostat while the UT is on the floor.  The UT will remain in this configuration for much 
of the Cryostat I&T process, then will be mounted to the Cryostat at the final close-out, just prior to 
integrating it in the Camera.  

After the Cryostat is inserted into the Camera, the remaining components will be installed in the UT.  
This includes the Camera purge and thermal control system and the remaining power supplies and 
controllers that support operation of Camera components—notably the Shutter and Exchange System.  
These are also modular, so they can be integrated relatively easily and connected to pre-installed cables. 

The last step of UT integration is installation of the covers around the structure to seal the inside.  Once 
this is complete, the UT volume will remain clean even after the Camera is moved out of the clean room. 

20.2.6 Camera integration and test sequence 
Camera integration begins with assembly of the outer housing, continues with re-assembly of the 
Exchange System and mounting of the Shutter, and ends with insertion of the fully loaded Cryostat and 
mounting of the L1-L2 Assembly.  While the Cryostat integration includes repetitive steps that lend 
themselves to automated processes and fixturing, components being integrated into the Camera are all 
one-off units that each have unique interfaces and assembly methods. 

As shown logically in Figure 20-2, the first step of the Camera integration process is the assembly and 
test of the outer body structure.  The outer housing and back flange are delivered by the Camera Body 
and Mechanisms subsystem, but are assembled and tested by the I&T group, since they form the 
structure off of which the rest of the Camera is mounted.  First, the back flange is aligned and mounted 
to the Camera support stand.  Then, the outer housing is bolted to the back flange, its alignment is 
checked, and it is proof-tested using weights to simulate the loads of all constituents of the camera.  The 
integrating stand allows for rotation of the camera around its Z-axis, so the proof-testing will qualify the 
camera structure to carry its proof-weight in all orientations. 
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Figure 20-2: Camera integration and test sequence, showing the flow of delivered hardware and in-process 
testing 

With the camera structure tested, component integration begins.  First, cabling pigtails and purge 
system plumbing lines are installed inside the housing and terminated at the back flange.  Then, the 
Carousel is installed onto the back flange.  This requires partial disassembly of the Carousel, alignment, 
and mounting to the flange.  The Carousel ring and structure are then reassembled, electrically 
integrated to the control and power systems through the pigtails, and re-tested to verify full 
functionality. 

After the Carousel is tested, the Auto Changer is installed and aligned.  It, too, is electrically integrated 
by way of the cable harness pigtails, then tested on its own and as an assembly with the Carousel.  This 
functional verification testing is all a repeat of the subsystem-level testing, and is done to verify that the 
re-assembly and alignment was done correctly. 

The final Camera integration step is integration of the Shutter.  For the Shutter to be integrated the Auto 
Changer is removed, which provides access to the front of the L3 lens where the Shutter is positioned.  It 
is moved into place using integration/servicing rails which accurately and stably position the assembly 
during the integration process.  This is essential, since the Shutter’s final position is mere millimeters 
away from the L3 lens, and any incidental contact with the lens could scratch it. 

After the Shutter is installed, checked for accurate alignment, and functionally tested, the Auto Changer 
is re-installed.  This removal/re-installation process will be used for during maintenance to access the 
Shutter, so this serves as an important check of the procedures and timing. 
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With all contents integrated into the Camera, the Cryostat and L1-L2 Assemblies can be integrated.  The 
Cryostat is integrated first.  It is installed horizontally, using a C-Hook to support it while rails guide it 
into the Camera through the Back Flange.  The Cryostat support cylinder bolts to the Back Flange then 
the position of the final assembly is surveyed to ensure that the L3 lens and detector plane components 
are correctly aligned to the Camera.  The Cryostat is integrated with Utility Trunk already in place, so 
there is no electrical integration needed.  However, Camera components that have heretofore been 
operated off of test crates are now integrated to installed electronics in the Utility Trunk. 

The final step of the integration process is mounting and alignment of the L1-L2 Assembly.  This involves 
the mechanical connection of the assembly to the front of the Camera, as well as inter-connection of the 
purge lines and temperature sensors to the Camera Body purge/thermal system.  After the viton skirt is 
mounted to seal up the camera, the purge/thermal system is functionally tested to demonstrate that it 
can maintain the internal temperature of the camera. 

While the integration process described above is sequential, we actually have considerable flexibility in 
the order of integration.  In particular, the Cryostat and L1-L2 Assembly can be installed and removed at 
any time during the Camera integration process.  This, for example, allows us to test-fit the Cryostat 
inside the Carousel, if needed, or mount the L1-L2 Assembly to test the purge system.  The sequence 
described above simply maximizes the access and reduces risk during the process, but can be modified 
as the design matures, if needed. 

20.3 I&T infrastructure 

20.3.1 SLAC I&T facilities 
Camera integration and testing will be carried out in an existing clean room and high-bay shop at SLAC.  
The facility includes approximately 5000 square feet of class 100,000 clean room with anteroom, 1000 
square feet of lab and office space, and 3000 square feet of high-bay shop floor with crane access.  A 
floor plan of the facility is shown in Figure 20-3. This facility is fully operational and has been used to 
integrate and test the primary instrument for the NASA Fermi Gamma-Ray Space Telescope  
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Figure 20-3: Floor plan of the SLAC Building 33 integration facility, showing the clean rooms and ante-room, 
as well as the general flow of integration work through the facility 

The clean room facility is subdivided into two rooms.  The larger of the two includes a small thermal-
vacuum test facility, laminar-flow hood, and environmental chamber, as well as multiple workstations 
and storage racks for storage of clean components.  The smaller room has a higher ceiling with a 5-ton 
gantry crane, as well as windows, a pass-through, intercom, and cable interconnects with an electronics 
room outside the clean room.  This allows for “remote” testing by engineers not in the clean room, 
while still providing good communication and visual feedback.  The clean room includes key code locks 
to control access, and a gowning and cleaning ante-room to minimize the introduction of contaminants. 

Inside the clean room a dedicated air-handling system maintains a temperature- and humidity-
controlled environment.  HEPA filtration and top-down air flow is used, with high-capacity return 
ducting in the walls.  Since much of the camera hardware and support equipment is heavy, the floor is 
directly on the concrete building pad, so a false-floor return plenum is not use.  The room also includes 
boil-off dry nitrogen and filtered dry-air purge systems, and a dry-pipe sprinkler system.  Room 
environmental conditions are continuously monitored and their states are remotely-accessible over the 
internet.  This includes temperature and humidity as well as oxygen deficiency.  All parameters are 
tracked against preset limits and an automated alarm system provides remote calling and paging of 
technicians and managers if any preset limit is approached or reached. 

The clean room also includes a number of anti-static controls.  First, it includes a full-coverage anti-static 
floor as well as grounding points throughout for personnel ESD control and equipment safety grounds.  
Furthermore, wrist grounding tethers are used and gowns include metal strands to reduce static build-
up. 
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Outside the clean room, the building also includes locked storage for incoming parts and assemblies and 
a small shop.  The clean room facility forms a stand-alone structure inside the larger building, and the 
entire building—including the roof of the clean room—is covered by a 15-ton bridge crane. 

Facility use plans and support equipment designs have been developed along with the design of the 
camera.  This was partially necessitated by the large physical size of the camera.  Beyond the integration 
sequences described above, step-by-step integration processes were developed for the large sub-
assemblies.  Each step was evaluated for height, floor-space and access constraints within the facility 
clean rooms, to ensure that the rooms could support all required activities. 

Integration sequence evaluation was also performed to assess the requirements and configuration for 
the support fixturing that is needed.  This has resulted in a comprehensive list of the support hardware, 
along with requirements imposed on the hardware to fulfill its function during the I&T process.  This is 
discussed in Section 20.3.2, below. 

While the integration facility is fully operational, we have identified three discrete upgrades that will be 
needed to support camera integration activities.  All of these center on providing the facilities needed to 
integrate raft towers into the Cryostat.  First, to reduce the risk of introducing contaminants into the 
cryostat, we plan to partition off part of the large clean room into a smaller room dedicated to cryostat 
integration.  This will reduce the traffic in the room, and isolate the cryostat from any possible 
contaminants or volatiles that could later affect the cryostat. 

Next, as part of the effort to reduce contaminants in the cryostat integration room, we will install 
additional blower units and HEPA filters in the room.  This will increase the air flow of the blow-down 
system and the rate of air exchanges which will improve the particulate cleanliness of the room to 
better than a Class 10,000 value. 

Finally, the cryostat integration room will also be outfitted with a rolling A-frame crane.  This is needed 
to provide safe and precise rigging and hoisting of the partially integrated cryostat between its 
integration stand and metrology station.  We expect to perform this hoisting operation many times 
during the integration process, and will use the tracked crane to do so. 

20.3.2 Mechanical support equipment and fixturing 
Mechanical support fixturing and equipment have been developed concurrently with the integration 
sequences for camera hardware.  As noted above, tight space constraints within the camera have driven 
an early look at integration plans and sequencing.  This holds for the development of fixture conceptual 
designs, as well.  For the key integration fixtures listed in Table 20-2, camera design constraints as well 
as the physical dimensions of the facility have driven their design. 
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Table 20-2: Fixtures that are instrumental to camera mechanical integration, and key functionalities of each 

Key Fixture Function

Camera Integration Frame Interfaces to the camera back flange and/or rotator; capable of supporting the entire 
Camera mass in any orientation; leaves open access for inserting the cryostat

Camera Integration Stand

Support stand for camera in +Y up, -Z up, +Z up orientations, plus intermediate 
angles; includes pivots to allow controlled rotation of the camera using the crane; 
can be rigged and lifted with the camera; includes provision to move it using air 
bearings; includes earthquake braces and tie-downs as needed; provides free 
access to both ends of the camera

Cryostat integration stand

Supports the cryostat during assembly and during bay integration; provides stable 
interface to cryostat 3-point mounts, including clamps or restraints; accepts 
integration gantry and track; allows cryostat to be lifted out with crane, despite low 
hook height

Raft Tower integration 
gantry

Mounts to assembly stand; includes X, Y, and Z coarse and fine motion, possibly 
motorized; transverse micrometer motion to accurately position raft towers; Z-
motion is fail-safe against loss of power, if motorized; all axes have a brake to lock 
them in place; accepts interface frames for mounting science, corner , and dummy 
raft towers, and RCC modules

Detector plane metrology 
system

Optical bench and support structure for focal plane metrology system; includes XY-
table for positioning optical flat under the cryostat L3 opening; capability to tip 
cryostat up to 45 deg off-vertical; provides +/- 90 deg rotation of cryostat around Z-
axis

Cryostat cart

Supports cryostat in horizontal or vertical orientation; wheeled to transport cryostat 
between clean rooms; re-cleanable; includes a pivot to allow the cryostat to be 
rotated by the crane; accommodates installation of the utility trunk; accommodates 
picking up the cryostat with the C-Hook

Cryostat C-hook lifting 
fixture

Mounts to the cryostat back flange and supports it while it is installed in the camera; 
does not use or block access to the mounting holes for mounting the cryostat to the 
back flange; suitably hooked to allow for insertion of the cryostat while the camera is 
in its integration stand; balanced so it hangs horizontal with no extra load on it; 
includes provisions for adding balancing weights to level the cryostat before 
insertion; re-cleanable   
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Figure 20-4: Raft Tower integration stand and gantry, supporting a partially-integrated Cryostat.  This is 
used for much of the Cryostat integration activities, providing repeatable positioning and support of the 
Cryostat and stable, controllable insertion of Raft Towers. 

One particularly complex fixture is the raft tower integration stand and gantry.  A conceptual design of 
these fixtures is shown in Figure 20-4, including a partially integrated cryostat. 

The integration stand supports the cryostat for most of the raft tower integration activities.  The stand 
supports the cryostat kinematically off of three ball-and-groove mounts, to provide repeatable 
positioning of the cryostat when it is removed for detector plane metrology scans, then replaced.  This 
will reduce the time to re-check alignment prior to integrating the next raft tower.  The integration 
gantry rolls along rails mounted to the top of the stand, and provides four degrees of controlled motion 
for inserting a raft tower.  Transverse and drilling rotation motions are used for accurately centering a 
raft tower over any of the 25 bays, while the plunge direction moves the raft tower into position within 
the cryostat.  These motions will be driven either by hand-wheels or motors, but in either case, the 
motions will have course and fine adjustments and not be back-driveable.  

The full complement of fixtures needed for Camera integration and test is listed in Table 20-3. While 
many of these are provided by the I&T group, others will be delivered by subsystems along with their 
camera components.  Often, these fixtures will have already been used in subsystem assembly and test 
operations, so their functionality is relatively well-understood.  Other of the fixtures will go on to be 
used for camera integration on the telescope and subsequent maintenance.  In either case, they and 
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their operating procedures will be checked and operated first using pathfinders or load-test hardware to 
verify that they meet their requirements, prior to use with camera hardware.
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Table 20-3: Fixtures and mechanical support hardware needed for camera integration. This shows the subsystem providing the hardware, as well as the phase of integration 
in which it is used. 
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General Supports Optics Fixturing
Camera Integration Frame I&T X X X X X X X X Front end cap Optics X X X
Camera Integration Stand I&T X X X X X X X X L1/L2 Ass'y line-of-sight test system Optics X
Duplicate Rotator Tel X X X X X X X X L1/L2 support frame Optics X

Inspection Equipment L1/L2 Assembly lift fixture Optics X
Faro arm I&T X X X X X X Transportation
Through-bore inspection stand I&T X LSST Camera Shipping Container I&T X
Forward-access inspection stand I&T X X Transportaion monitoring equipment I&T X

Raft Tower Integration Tooling Environmental control equipment I&T X
Cryostat integration stand I&T X X Shipping crates for suppport equipment I&T X
Test rafts I&T X X Aerogo air casters I&T X
Raft Tower integration gantry I&T X X filter shipping containers I&T X
Science raft gantry interface frame I&T X X Filter Exchange Equipment
Corner raft gantry interface frame I&T X X Filter simulator Optics X
RCC gantry interface frame I&T X X Dummy filters Optics X
Detector plane metrology system I&T X X Filter changer proof test loads CB&M X

Camera Body Test Equipment Manual Changers CB&M X
Dummy changer flange CB&M X Filter storage cartridges CB&M X
Camera housing proof test fixture CB&M X Manual Changer docking station CB&M X
Camera housing proof test equip CB&M X Shutter Fixturing
Camera housing proof test weights CB&M X Shutter installation rails CB&M X
Back end cover plate CB&M X X X Dummy L2 lens region CB&M X
Test heaters CB&M X L2 lens protector Optics X

Cryostat Insertion Fixtures
Cryostat cart I&T X
Cryostat C-hook lifting fixture I&T X
Cryostat insertion guide rails I&T X
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20.3.3 Verification Test Stands and  Software  
There are five separate test stands used in verification testing:  

1) Single raft test dewar. 

2) Bench for optical testing (BOT) for cryostat-level tests 

3) 55Fe source for cryostat level tests 

4) Metrology test stand 

5) Camera Calibration and Optical Bench and Camera Image Quality test-stand 

Each of the several verification test-stands requires custom software to acquire data, analyze the data, 
and produce summary reports.  In some cases the data acquisition includes the regular readout of the 
rafts, while in other cases (for instance, the metrology testing), data acquisition involves an entirely 
separate data stream.  For those tests reading out the rafts, the camera control system will interface to 
the optical source, movable stage, and other controllable elements needed in these tests by way of 
dedicated hardware control units (HCNs) for the test equipment.  Clearly, the verification software 
scripts must be able to control both the readout of the rafts and these special test elements, in an 
integrated fashion.  In addition, the data stream must include both raft data and information from the 
external test elements.   

Each stand will require a software suite, consisting of user-level scripts, backed with data acquisition 
software, data management, data analysis software, and software to generate summary reports.  
Version control of the verification test suites will be maintained.  While the single raft test stand will 
utilize software developed for raft acceptance testing, the other test suites will be written specifically for 
I&T.  However, some of the cryostat-level tests overlap in functionality with the single raft tests, 
allowing for shared software development.   

Both cryostat-level and camera-level tests will involve the readout of the full focal plane, with the total 
data volume from tests will be as large as a month of LSST data.  A rough estimate of the total data 
volume for all cryostat- and camera-level tests is 500 TeraBytes.  The full images may be visualized with 
the system to be developed for LSST.  Compute facilities to analyze the test suite data must allow rapid 
turn-around time for verification tests and the production of test reports. A rough estimate of the 
computing needed to support test data analysis is 1 core per CCD or about 200 cores total, available 
throughout the cryostat and camera I&T phase. 

20.4 Verification Testing 

20.4.1 Overview 
Verification testing is performed at four different stages of the camera assembly.  Individual rafts are 
tested in a dedicated single raft dewar to ensure they have been delivered to SLAC intact, to ensure that 
there is no material that would cause contamination and to determine their metrology calibration.  
Second, testing at the cryostat level is performed, initially with a combination of dummy and 
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engineering rafts, to ensure that temperature, flexure, metrology, noise and linearity specifications are 
met, and to establish all procedures for raft assembly.  These verification tests are also performed with 
the science rafts, with the cryostat either partially or fully loaded.  Third, optical verification tests are 
performed on the assembled camera, to ensure that L1 and L2 meet their alignment specifications.  
Finally, verification tests are performed on the fully assembled camera to ensure that the system-wide 
specifications such as camera throughput are met. 

20.4.2 Single Raft Tower Verification Testing 
Individual rafts towers are tested in a dedicated dewar, capable of CCD, metrology and contamination 
testing. The CCD-level verification testing ensures that delivered raft towers still meet their 
specifications and enables retesting should that be necessary for any individual raft tower over the long 
time period for integration. The CCD-level verification tests follow the description below.  Dark images 
are used to verify the noise specification. Flat-field images at different intensities verify the linearity, 
full-well, dead or hot pixel and dead column specifications.  The test stand contains a 55Fe source to 
verify the diffusion, or PSF, specification. 

The single-raft dewar will also be used to perform a metrology calibration for each raft, at operating 
temperature.  As the discussion of metrology indicates, there is no adjustable fixture to set the height of 
individual rafts; instead the size of the ball/ball-nest assembly can be reduced in size by lapping.  To 
determine the size needed, the absolute height of the raft is calibrated.  This measurement is made 
during the same cool-down cycle as the raft verification test. 

Lastly, the received rafts are tested for material contamination, using an RGA, prior to installation in the 
cryostat. 

20.4.3 Cryostat Verification Testing 
The assembly of rafts and electronics into the cryostat was described above; here we describe the 
verification testing performed along with this assembly.   Both the cryostat and the utility trunk will have 
been received at this point.  Note that the metrology ball nests in the grid will be planarized, and their 
deflection measured at temperature and in different orientations. Test rafts, consisting of accurate 
mechanical models of the raft including the CCD surface, raft mechanical structure with correct weight 
distribution, and test electronics to produce the expected heat load, will be constructed. The test rafts 
are used to validate the raft assembly procedure, and test rafts will be used to initially populate the 
cryostat grid.  Both metrology and temperature specifications will be verified using the cryostat filled 
with test rafts. The cryostat will be rotated around two axes to test the detector plane flatness, and grid 
flexure, for the full range of orientations. We also verify the contamination specification with the 
associated getters using a residual gas analyzer. 

 Once these tests are passed, and the assembly procedure validated, a subset of thetest rafts will be 
replaced with engineering grade rafts.  Engineering rafts consist of complete raft hardware and 
electronics, but loaded with engineering grade CCDs.  At least five engineering rafts will be constructed.  
The cryostat will be filled with a combination of engineering and test rafts.  With this configuration, we 
again verify metrology, flexure, temperature, and contamination specifications.  
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An optics bench capable of producing both an image as well as a flat field illumination is used for 
verification testing at the cryostat level.  The cryostat will be equipped with a flat glass window and 55Fe 
sources capable of moving across the full focal plane. Dark images are used to verify the noise 
specification, now with multiple rafts installed in the cryostat.  Likewise artificial images are used to 
verify the cross-talk specification, both across amplifiers of a single CCD, across CCDs in a raft, and finally 
from raft to raft. Flat field images are used to verify the linearity and full-well specifications. Of course, 
since the engineering grade CCDs will not, by definition, meet all CCD requirements, allowance for CCD 
quality is made in this round of verification testing. 

Next, the installation of science rafts begins.  Test and engineering rafts are removed, and the 
installation of science rafts begins with an empty cryostat.  After a subset of the grid is populated with 
rafts, the cryostat is cooled down and again equipped with the flat glass window and 55Fe source.  The 
metrology tests are performed to verify flatness and flexure specifications. The suite of optical tests 
described above is performed to verify noise, linearity, full-well, crosstalk and image quality 
specifications. Finally, all rafts are installed, and the test suite is repeated for a full verification test at the 
cryostat level. 

20.4.4 Optical Alignment 
The L1, L2 and L3 lens undergo null testing to verify that they are made to specification, as described in 
Chapter 8.  The overall alignment of the three optical elements, in tip/tilt, piston and decenter will be 
made based on an integrated optical test.  At present several options for the test are being considered, 
these include an integrated null test, a laser collimation system used in transmission mode, and a 
multiple pencil beam system.  The latter two tests have the advantage that they use the camera focal 
plane as the detector, providing a more in-situ test.  It may also be possible to exploit the CCOB to infer 
the optical alignment using the location of ghost images.  

20.4.5 Camera System Verification Testing  
The complete assembly of the camera, including the L1/L2 assembly, the filter assembly, the shutter, the 
L3 window together with the cryostat and utility trunk is described above.  At this point, camera system 
level verification testing is performed.  Many requirements will have been verified by the sub-system 
tests described previously, and cannot be individually retested.  However, other requirements may only 
be verified at the system level.  An example of the latter are the camera optical throughput 
requirements, which combine the effects of the optical elements, L1, L2, each filter and L3 combined 
with the CCDs.  Such requirements are therefore also verified at the camera system level. 

Verification testing at the system level divides into several areas: temperature control and exposure, 
mechanical flexure, optical throughput and image quality.   

The temperature of the camera must be carefully controlled with respect to the ambient air 
temperature, and the camera must be capable of operating over a wide temperature range. The entire 
camera will be assembled and operated in a soft-walled section of Building 33 that will be capable of 
being heated or cooled to explore the full temperature survival range.  The temperature will be slowly 
raised or lowered, using temporary room heating or cooling, to cover this survival range. Likewise, the 



LSST Camera Conceptual Design Report 

507 
 

relative temperature of the camera body with respect to the ambient air temperature, and the 
temperature of the back-end electronics will be verified. The cryostat temperature control loop, the 
temperature variation across the focal plane and the temperature stability in the focal plane will all have 
been verified at the cryostat level.  These temperature requirements will also be verified under the 
range of operating temperatures present in the camera level tests. 

The entire camera structure will be tested for mechanical flexure and vibration with dedicated sensors, 
micrometers and accelerometers, or with survey metrology.  Static tests, where the camera is moved 
from one orientation to another via a crane, will enable tests of the static flexure of the camera 
elements.  Small impulses delivered to the camera will test the vibrational amplitude and frequency 
spectrum of the camera.  It should also be possible to introduce external vibration, at the expected 
amplitude and frequency spectrum from the telescope, during optical image quality tests. 

The optical throughput requirements, specifying the minimum throughput as a function of filter, and the 
throughput stability and repeatability requirements will be verified using a camera system level test 
stand, the camera calibration optical bench (CCOB).  The data produced by the CCOB may also used be 
as calibration data for the camera.   The CCOB consists of an independent mount with movable XY stages 
capable of covering the entire camera aperture.  The CCOB provides a controlled broad-band 
illumination pattern onto the camera, in either a wide-beam or narrow-beam configuration.  Filters, 
corresponding to the LSST filter set, may be used to limit the wavelength of the beam.  The beam may 
enter L1 at normal incidence or at a range of angles corresponding to the LSST beam envelope.   A NIST 
calibrated photo-diode is used to make an absolute measurement of the CCOB intensity to compare 
against the intensity measured by the camera. The CCOB will thus be capable of measuring the 
throughput as a function of angle of incidence, position in the aperture and wavelength, enabling 
verification test of all system optical throughput requirements. 

Lastly, we will devise a verification test, again at the camera system level, for the overall camera image 
quality.   While it is not possible to reproduce the full aperture F1.2 beam produced by the full LSST, we 
expect that another input beam may be used to test the image quality.   

20.4.6 Metrology 

20.4.6.1 Detector plane flatness 
As described above, the camera detector plane is comprised of nine CCD sensors mounted to each of 21 
identical science rafts, along with two guide sensors and one wavefront sensor mounted to each of four 
identical corner rafts.  Each of these rafts are kinematically mounted and held to the Cryostat Grid 
structure, while the Grid itself is mounted to the cryostat housing by way of three flexures.  The image 
quality error decomposition analyses has characterized the behavior of each part of this complex 
mechanical assembly and its impact on overall image quality.  These analyses have shown that due to 
LSST’s fast beam, detector plane flatness is an important contributor to image blur and ellipticity.  
Allowed flatness terms for detector plane components are dominated by a 13.5 μm (PV) flatness at the 
assembled raft level, together with an additional irreducible 3.5 μm (RMS) flatness error contribution for 
the integration of the rafts onto the Grid.  The detector plane metrology program is intended to directly 



LSST Camera Conceptual Design Report 

508 
 

measure the as-built flatnesses, both at the subsystem component and assembly level as well as for the 
entire detector plane assembly. 

20.4.6.2 Metrology plans 
Delivery of a camera that meets these overall flatness tolerances will require coordinated efforts 
between production and assembly at the sensor, raft, cryostat, and integrated camera levels.  At the 
sensor and raft level, this effort involves measuring flatness of the packaged sensors and completed raft.  
Raft-level measurement, in particular, will involve both surface flatness measurement as well as sensor 
position adjustment to bring the nine independent sensors into tolerance with respect to a best-fit 
plane.  For the cryostat, much of the metrology will focus on measuring and adjusting the co-planarity of 
the Grid interface balls and measuring changes in flatness due to gravity-induced deflections and cool-
down distortions.  Finally, after rafts are integrated onto the Grid, metrology measurements will track 
integrated flatness and distortions of all sensors on the detector plane at both room- and operating-
temperature as well as over a range of operational orientations. 

Throughout the process of assembly and integration, starting from the packaged sensors through the 
raft production and camera integration, the following non-contact surface height metrology facilities will 
be used: 

1) Sensor surface screening facility:  used for sensor acceptance measurements 

2) Raft assembly metrological facility: to provide feedback for absolute sensor height adjustment 
and verify overall raft assembly flatness 

3) Raft acceptance test facility:  used for raft acceptance at I&T prior to integration, to measure 
overall raft flatness and height off its interface vee-blocks 

4) Ball/ball nest calibration facility:  measures height of lapped ball nest assemblies prior to 
mounting on the Grid 

5) Long-throw differential surface metrology facility:  measures flatness of integrated sensors 
through L3 lens or an optical flat, at room- and operating-temperature and over multiple orientations 

Repeated measurements will be made on parts and sub-assemblies at the various facilities to synthesize 
a coherent model for the physical detector plane, which is compliant to image quality flatnees 
requirements under operating conditions. To partially illustrate this approach, we describe in the 
following section the measurement plans that will establish the required detector plane figure, and 
provide some of the relevant measurement and repeatability tolerances demonstrated in our prototype 
metrology facility. 

20.4.6.3 Metrology facility 
Our non-contact surface metrology strategy is based on stitching multiple, redundant and overlapping 
individual sub-mappings of the “finite element” plane of detectors relative to a floating reference whose 
stability is critical only over the short duration of the scans, typically 600 seconds. The approach 
removes otherwise tight and expensive thermal control requirements of the metrology room, which 
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would also place scheduling constraints on the measurements, stemming from long thermal timescales 
of large masses. The stitching algorithm was outlined and demonstrated by a Monte-Carlo simulation 
(Rasmussen et al. 2006), where the raw measurement accuracy was improved upon by the availability of 
multiple measurements providing intermediate references, or “hops” – essentially an exercise of the 
central limit theorem with extensive book-keeping. This approach improves fidelity for the various in 
situ measurements, including verifying detector plane figure under representative conditions, 
positioned behind the vacuum barrier optic L3. These measurements will be made with relatively large 
standoff distances between the detector surface and the measurement head (typically 150mm) due to 
the intervening L3 lens. 

Ultimately the in situ measurements will include ambient, in vacuo warm and cold measurements as 
seen through L3. The cryostat will also be tilted to a representative operational extreme, 45 degrees 
from zenith to measure and confirm the predicted degree of gravity-induced deflection of the Grid and 
raft mounts, prior to its integration into the camera. 

20.4.6.4 Prototype results 
The general non-contact, differential displacement measurement approach applied to surface height 
metrology has already been shown to yield key quantities relevant to the focal plane buildup flatness 
error budget. These are summarized in Figure 20-5, and represent the sum total of measured 
resolutions and repeatabilities performed under different conditions and for different purposes. We 
expect to obtain significantly better results for the kinematic mount disassembly repeatabilities and for 
parts wear-in amplitude prior to contact point passivation: we will use a combination of representative 
materials and more carefully engineered kinematic mount ball nests. These improvements will be made 
to support metrology activities to be conducted using the single bay grid prototype during the 
preliminary design phase, described more fully in raft and metrology development plans. 
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Figure 20-5: The plot on the left is a status summary for thru-window, non-contact, differential metrology 
prototype results.  The demonstrated repeatabilities are a few percent of the build tolerances for the focal 
plane: the measurement precision is sufficient 
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21 Safety Assurance 

21.1 Introduction 

21.1.1 LSST Safety Program 
The LSST Project is committed to optimizing safety for the project within the constraints of operational 
effectiveness, schedule, and cost through all phases of the project lifecycle. The project will utilize 
engineering and management principles, criteria, and techniques to assure a systematic approach to 
hazard identification, risk assessment, risk reduction, and risk acceptance.  

Defining the safety effort is necessary and is accomplished by developing appropriate safety plans. The 
“LSST Safety Program” establishes the approach to integrating safety into the overall LSST project. The 
“LSST Camera System Safety Program Plan (SSPP)” identifies the approach to integrating safety into all 
phases of the camera program. The Site Specific SHE Plans for the collaborating institutions will be 
developed as required. A brief outline of the plans is provided below: 

• LSST Safety Program (LPM-18) 



LSST Camera Conceptual Design Report 

512 

This is the overall project safety plan that establishes for the LSST Project:  the 
responsibilities of LSST Project management, the LSST Safety Manager, and the LSST 
Project Safety Council; the requirements for Safety Health and Environmental (SHE) 
Plans for participating institutions; the requirements for hazard analysis and safety 
reviews; and the identification of pertinent top level regulations, codes, and compliance 
standards. 

• LSST Camera System Safety Program Plan (LCA-31-A) 
This plan is based on ANSI/GEIA-STD-0010 “Standard Best Practices for System Safety 
Program Development and Execution”.  The Camera SSPP establishes for the camera 
project the following: the system safety program organization, management, and 
responsibilities; the methodology of system safety; the program deliverables; and, the 
hazard analysis process.  

• Site Specific SHE Plans (To Be Developed) 
Collaborating institutions and contractors are expected to have established safety 
programs in place. The Site Specific SHE Plans will provide the detailed guidelines and/or 
define procedures for activities at these institutions that involve camera equipment. The 
local institution will be responsible for generating these plans.  

21.2 Personnel and Environmental Safety and Health 
SLAC ES&H policy states the following: “SLAC is committed to protecting the health and safety of on-site 
personnel, the public, and the environment as it carries out its scientific mission.” The implementation 
of this policy is the responsibility of all SLAC personnel. The integration of safety into all phases of the 
LSST camera program including: design, construction, test, and operation, is the responsibility of the 
SLAC LSST program team. This team is supported by the SLAC ES&H Division.  

SLAC institutional safety processes and programs will compliment and support the LSST System Safety 
Program. The Experimental Project Review Process and the Work Planning and Control (WPC) program 
are two of these. The Experimental Project Review Process is a formal peer review process administered 
by the SLAC Project Overview Committee (POC). Identified safety Subject Matter Experts (SME) are 
called upon to  review an experimental project, identify safety issues, and work with the experimental 
project to satisfactorily resolve identified issues. The SOC oversees this process to assure adequate 
safety review has been accomplished, and provides a formal letter to allow a project to proceed to 
operation. This process has been initiated for the LSST camera project. The WPC program is focused on 
the activity of workers. This program is a formalized, standardized, and documented process for 
considering and mitigating risks when planning, authorizing, releasing, and performing work.  

LSST Camera subsystems will be responsible for the safety including integration and test activities at 
their home institutions. The Site Specific SHE plans and integration/test procedures will formally 
establish safety requirements for these locations. The safety of Integration/test activities at SLAC will be 
managed by both institutional safety procedures/programs as well as camera specific safety 
requirements and procedures. The safety of on-summit integration/test and operations will be governed 
by Chilean Regulations, Codes, and Standards as well as LSST specific procedures and programs. 
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21.3 System Safety Program 
The LSST Camera System Safety Program (SSP) is based on ANSI/GEIA-STD-0010 “Standard Best Practices 
for System Safety Program Development and Execution”.  The camera SSPP describes the tasks and 
activities associated with the camera SSP which has the purpose of identifying the hazards of the camera 
project and imposing design requirements and management controls to prevent mishaps and mitigate 
their impact. Elements of the SSP are identified and briefly described below: 

• System Safety Program Plan (SSPP) 
The SSPP describes the Camera Project organization and the safety roles and responsibilities for 
the Camera Project Manager, the Camera System Safety Engineer, the Camera Subsystem 
Managers, and the Camera System Safety Working Group. The SSPP also describes the 
methodology for hazard identification, risk assessment, risk reduction, and risk acceptance. A 
description of the six risk mitigation strategies is explained as well as the methods utilized to 
verify mitigation actions have been implemented. System Safety deliverables are identified with 
a schedule for completion tied to camera project milestones.  

• Preliminary Hazard Analysis (PHA) 
The PHA identifies safety critical areas and provides an initial assessment of hazards and 
requisite mitigation, controls and follow-on actions.  A functional and physical description of the 
hardware is included, as well as a description of hazards and mitigation plans. Hazards 
associated with the proposed design or function are evaluated for hazard severity, hazard 
probability, and operational constraints, based on the best available data including mishap data 
from similar systems and other lessons learned.  The Camera Hazard List, LCA-15-A, is a 
tabulation in an excel spread sheet that captures the identified hazards and characterizes the 
risk, causes, effects, and controls. 

• Final Hazard Analysis (FHA) 
The FHA is developed as a follow-on of the PHA and refines the assessment of hazards 
consistent with the camera final design.  This includes updating hazards to match the design and 
capture hazards associated with interfaces in their final incarnation.  The FHA also documents 
the validation that requisite controls are incorporated into the final design and operations plans. 

• System Hazard Analysis (SHA) 
The purpose of the SHA is to identify hazards associated with system interfaces and recommend 
actions necessary to eliminate identified hazards and/or control their associated risk to 
acceptable levels. This analysis is used as input to the Observatory Hazard Analysis.  

• Operating and Support Hazard Analysis (O&SHA) 
The O&SHA evaluates hazards introduced into the system by activities associated with 
operations and support procedures, and evaluates the adequacy of the procedures to eliminate, 
control, or abate the hazards. 

21.3.1 Preliminary Hazard Analysis 
This section contains a summary discussion of the hazards and proposed hazards controls identified in 
the PHA and is organized by camera subsystems. The hazards are organized by type and include the 
following: Thermal/Cryogenic, Pressure/Vacuum, Mechanical, Structural, Electrical, Environmental, Fire, 
Control, and Contamination/Materials. The physical and functional descriptions of the subsystems are 
contained in the PHA. 
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21.3.1.1 Optics 

Thermal and Cryogenic 

The L3 lens forms the vacuum barrier for the cryostat.  Exposure to the -100 ºC environment may either 
embrittle the glass or cause thermal contraction and generate stresses beyond the allowable limit 
resulting in failure. This risk has been assessed by analyzing the black body radiative cooling load, which 
is the maximum radiative heat transfer possible. These worst case conditions do not pose a hazard to 
the lens.  

The L1 lens is exposed to the dome environment inside the telescope and therefore the extreme 
temperatures of the mountain top environment.  These extremes would produce relatively large 
differential radial expansion/contraction between the lens and its support ring, which stresses the 
flexures that bridge between them. Overstressing these highly-loaded flexures could ultimately result in 
failure. This risk has been controlled by designing the flexures to survive a temperature range much 
larger than they should ever be exposed to.  

Pressure/Vacuum 

During operation, both the L1 and L3 lenses are exposed to pressure and vacuum differentials which 
stress the glass. Overload due to either condition could result in lens failure. This hazard is mitigated by 
designing for the maximum pressure differential and providing pressure relief valves to ensure the 
volumes do not exceed their rated pressure.  

Failure of the L3 vacuum gasket could result in an uncontrolled venting of the cryostat and the 
introduction of contaminants or water vapor which could damage the detectors. The vacuum gasket and 
back-up O-ring will be designed and tested to tolerate the vacuum load combined with the shearing 
produced by contraction of the flange relative to the lens.  

Mechanical 

The L1 lens is open to the dome and is at risk by personnel or equipment during access to the camera. A 
lens cap will be used to cover the lens during extended access and the camera will be accessed from the 
side.  

The L2 lens is fully within the camera housing. However, to remove the Shutter or Auto Changer from 
the camera, the region between L2 and L3 is accessed by personnel and handling hardware. During this 
operation there is a potential for personnel, tools, or handling fixtures contacting the L2 surface, 
damaging either the coating or even scratching the lens. To protect the lens, rails are used for removing 
the Shutter and Auto Changer and a cover can be installed to completely cover L2.  

Structural 

The L1-L2 assembly could be exposed to distortions imparted on the assembly by distortions in the rest 
of the camera. However, the kinematic hexapod support ensures that no loads can be transmitted into 
the L1-L2 assembly.  
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A flaw or micro-crack in the glass could cause a failure in L1 or L3, the two lenses that are under stress 
due to pressure loads. This risk is mitigated in two ways. Fracture analysis is performed to establish the 
maximum allowable crack size. The lens is then inspected to verify that there are no cracks of that size; 
this inspection can be repeated if a problem is suspected.  

21.3.1.2  Filter Exchange System 

Thermal 

The motors and actuators that drive the filter exchange mechanism are used only intermittently, so the 
average heat load is low and heat is removed by air flow. If the Carousel or Changer drive system were 
to stall due to some mechanical failure, the motor would heat up. This would be temporary since the 
position and force/torque feedback instrumentation would stop the motor.  

Mechanical 

The Filter Exchange system uses a variety of mechanisms to perform its function, and loss of function of 
either a mechanism or monitoring instrumentation can result in hazards to the equipment or personnel. 
These hazards are grouped into the following classes: collision, dropping, mechanical failure, and 
personnel injury.  

If an action is inadvertently executed while the system is in a state that is not safe for that action, 
physical collision of parts could occur. Examples of this include: moving the filter to its parked position 
while the Carousel is not rotated into its correct orientation; rotating the Carousel while the flip rails are 
not lying flat; driving the Changer trucks off the ends of the rails if the flip rails are lying flat. Any of these 
actions would likely result in damage to the mechanism and possibly to a filter as well. This hazard is 
being controlled by having instrumentation to monitor the state and position of every moving 
mechanism. Commands can only be executed if all instrumentation provides positive indications that 
mechanisms are in their correct location. 

The second mechanical hazard is inadvertent dropping of a filter at the hand-off between the Carousel 
and Auto Changer. While this is perceived to be the biggest concern for the system, qualitatively it falls 
into the same class of hazard as a collision: loss of knowledge of the state of the hardware. As with  the 
collision hazards, the dropping hazard is being mitigated by using instrumentation to monitor the 
condition of each clamp that is used for holding the filter.  

Mechanical failure the third class of hazard, is the broadest class and most difficult to mitigate. Many 
parts are single-point failure parts where loss of function or outright failure could damage the system. 
For all of these parts, we will use hardware purchased to national standards and proof test all hardware 
prior to use.  

Degradation of other components could result in a “softer” failure or prolonged decrease in 
performance that could ultimately result in a system failure. Gradual degradation of performance could 
indicate wear that may result in failure if ignored. We have three methods to mitigate such a hazard. 
First, prototype testing will provide empirical data for establishing maintenance intervals for the moving 
components. Second, we will monitor trends in the performance of the systems by collecting data on 
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motor currents to look for slow changes that signal an impending problem. Finally, if a failure of some 
kind does somehow occur, over-current trips on the motors will stop the actuators before any 
secondary over-loading can occur.  

The final class of mechanical hazards in the filter exchange system is injury to personnel working around 
the system. The Auto Changer, in particular, has a number of pinch points and apertures that open and 
close. A lock-out/tag-out system is used to disable all mechanisms in the filter exchange system when 
personnel are working around it. For people troubleshooting the filter exchange system, we are 
investigating a few options. First we will have a “panic button” available to cut power to all mechanisms. 
We are also investigating engineering solution to add wipers, finger blocks, and other guards to reduce 
pinch hazards.  Finally, we will look into adding feeler switches or continuity switches that detect and 
arrest motion when anything brushes up against a moving mechanism in a potential pinch or crush area.  

Structural 

Structural loads in the filter exchange system are generally small, relative to the dimensions of the 
members. The sole exception is the pivoting C-shaped linkage that transfers the linear motion of the 
actuator to the curved motion of the trucks that follow the path of the rails. The linkage is pinned at 
both ends, so there is no bending moments imparted on it. However, the relatively thin members will 
experience high axial loads along the line of action between the pinned mounts that result in bending 
and twisting of the members. Structural failure or buckling of the linkage would likely stop the trucks in 
their tracks, but may also damage either the filter or even the neighboring Shutter. Structural failure of 
the linkage is being mitigated by using closed sections to improve its stiffness against twisting and 
buckling. Also, the linkage will be proof tested to qualify the safe working load of the design. 

21.3.1.3 Shutter 

Mechanical 

The shutter is comprised of moving parts, so mechanism failure constitutes the primary hazard 
associated with the components. Given the proximity of the L3 lens to the moving shutter blades, one 
hazard is that a blade could contact the lens and scrape it, thereby ruining its optical quality. To reduce 
the likelihood of this happening, the shutter blades are guided from both of their ends by carefully 
aligned rails and the blade design will be tested to ensure that it does not flutter or vibrate.  

Another hazard is of blades colliding with each other.  Since we have two sets of blades running on the 
same track, there is a risk that both blade sets are actuated simultaneously and collide at in the center 
of the aperture.  If this were to occur, the shutter blades would be damaged, and the L3 lens would 
likely be scratched, as well.  This is prevented by monitoring and control of shutter blade position.  Thus, 
one blade set cannot be actuated unless there is a positive signal that the other set is out of the way.  
Since only one blade set moves at a time, we can ensure that the path is clear prior to actuating either 
set of blades.   

The final mechanical hazard is a pinch hazard for personnel. Since the blades occlude an aperture, there 
is a possibility that a finger could get pinched by the closing blade. We expect to have shields to deflect 



LSST Camera Conceptual Design Report 

517 

objects out of the path of oncoming shutter blades, and will also use administrative controls including 
lock-out/tag-out procedures and protective covers to reduce the possibility of pinching from occurring. 

Structural 

The shutter is supported at its four corners off of the camera housing, and is intentionally designed to be 
somewhat flexible to reduce force due to over-constraints. Also, it is very light, so forces and stresses on 
components will be very low. Thus, we do not anticipate any credible structural failure scenarios for the 
shutter.  

21.3.1.4 Cryostat 

Thermal and Cryogenic 

The Cryoplate/Grid and components mounted to them operate at cold and cryogenic temperatures.  A 
significant hazard to these components is loss of temperature control, leading to temperatures 
exceeding normal operating ranges.  At both extremes, this hazard is handled by temperature 
instrumentation on the Cryo and Coldplates to ensure they do not exceed their operating ranges, as well 
as sensors on the electronics to track temperature while the units are operating. 

Pressure/Vacuum 

The Cryostat is evacuated during normal operation.  However, failure of an O-ring seal, a leak through a 
feedthrough pin, or a leak across a welded seam in the housing could result in an uncontrolled venting 
of the volume.  Such a venting could introduce contaminants and water vapor into the clean Cryostat, 
which would freeze onto the cold CCD’s.  Also, a rapid venting may produce large pressure differentials 
across components in the cryostat, leading to unexpected loads on components. 

The risk of uncontrolled venting is reduced by using double O-ring seals with an intermediate vacuum 
groove at all bolted joints.  Thus, the failure of one of the seals can be detected immediately and repair 
plans put in place, while the second seal is still functioning.   

Structural 

Components in the Cryostat are subject to four possible sources of structural failure.  First, the large 
temperature differences in the Cryostat can lead to high stresses from differential contraction.  We are 
reducing this risk by using flexures to support the Cryo and Coldplates, and the Grid.  Structural failure 
hazards can originate with brittle materials failing prematurely. Some materials may embrittle at cold 
temperatures. The Grid is manufactured from a ceramic which tends to be less fracture-tough than most 
metals.  In both cases, brittle failure hazards are mitigated with a conservative analysis and test program 
to ensure that even under worst-case stress conditions the material is not stressed to failure. 

Non-linear failures can also occur with buckling of the cryostat vacuum housing under combined loads of 
vacuum and seismic accelerations or of the thin-bladed flexures.  Such non-linear failure scenarios are 
being mitigated with conservative analysis and component qualification test programs to ensure all such 
structural components have large margins of safety. 
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Finally, accidental overpressure of the cryostat during venting could result in damage to an O-ring seal, 
feedthrough, or failure of the vacuum vessel itself.  This is being addressed by designing the Cryostat to 
carry overpressure loads, over-pressure proof-testing it, then also providing a burst disk to ensure that 
an over-pressure cannot exceed this limit. 

Control 

The Cryostat contains elements of thermal, vacuum, and power systems which rely on the functioning of 
each other and of elements outside the Cryostat.  Many of these functions are commandable from the 
control system, as well.  Loss of control, operator error, or failure of one component could produce a 
more significant problem or failure elsewhere in the system.  These hazards are mitigated by 
implementing enable/disable control for functions handled by a single controller.  For those that bridge 
between controllers or outside of the cryostat, functional interdependencies are monitored and actions 
allowed/disallowed by the camera protection system.  This will ensure that prevented actions that could 
damage another subsystem are disabled. 

Environmental 

When the Cryostat is not cold, it will be vented and at atmospheric pressure.  Since any contaminant in 
the Cryostat can migrate to and possibly damage the detectors, the Cryostat will always be vented with 
clean and dry nitrogen gas.  However, when personnel are working on the Cryostat, we will use flow 
restrictors and possibly oxygen-deficiency monitors to detect any unacceptable build-up of this simple 
asphyxiant.  

Fire 

The refrigerant used in the Cryo and Coldplate cooling channels is not combustible but in a fire they will 
burn, and the combustion products can be toxic to personnel.  Inside the cryostat, these materials are 
fully contained in their channels, and in the event of a leak, there are no ignition sources within the 
cryostat and the nitrogen purge reduces the possibility of combustion.  Outside the cryostat, the 
refrigerants may pose other hazards. 

Materials and Substances 

In the event of a release of the refrigerant used in the Cryo and Coldplate cooling channels into the 
cryostat, it may be harmful to the CCD detectors and severely impact the cleanliness of the Cryostat.  
Furthermore, the gases may also be greenhouse gases.  Risk of release of refrigerant in the Cryostat 
vacuum is being reduced by designing all fluid-vacuum joints with a double-seal.  This includes two 
separate brazed joints with an intermediate pump-out that is monitored.   

21.3.1.5 Refrigeration system 

Thermal and Cryogenic 

Given that the refrigeration systems’ primary function is to cool components, one of the primary classes 
of hazards associated with the systems is overcooling or uncontrolled cooling.  First, overcooling could 
occur if the heat source at the electronics in the cryostat is removed.  This could happen due to either a 
planned turn-off or unplanned shut-down of the systems.  In either case, the refrigeration system could 
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provide far more cooling capacity than needed, which could cool down components inside the cryostat 
too much, or cool down the return lines, creating condensation and ice build-up.  Both symptoms of 
overcooling are addressed by two mitigators.  First, the refrigeration cycle has an inherent temperature 
floor, below which it cannot function, which is established by the peak pressure and the refrigerants 
being used.  All hardware in the system is survival tested to this limit, to ensure that it can tolerate 
exposure to these temperatures.  Furthermore, temperature sensors are used both for fine control of 
the system and for monitoring health and safety of the system.  If the lines were to cool down beyond 
their preset limits, the system would shut down. 

Another possible source of overcooling is the loss of vacuum in the Valve Box.  This could produce icing 
of the heat exchanger coils.  While this is not preferred and would require recovery effort to repair the 
leak, this would likely not damage the heat exchangers.  Furthermore, the possibility of a leak is 
mitigated by pressure and leak testing of the vacuum vessel, as well as monitoring of the vacuum 
pressure during operation.  Sudden, catastrophic leaks in well-sealed all-metal vacuum vessels are not 
common, and any incipient leak is detected by upward trends of the vacuum pressure. 

Pressure/Vacuum 

The refrigeration systems are under high pressure and rely on large changes in pressure of the working 
gas to remove heat from the camera.  Thus, over-pressurization is a real hazard within the system.  
There are three possible causes for such a hazard, located along different points of the circuit.  First, in 
the utility room at the compressor, if a valve were inadvertently closed, the compressor could 
overpressure the ground circuit of the inlet lines.  Up in the Valve Box, a similar situation could be 
produced if the free-expansion orifice were to get plugged with frozen oil.  In either case, the inlet line 
pressure would increase.  Three controls mitigate this risk.  First, the compressor includes overpressure 
shut-off capability to ensure it is not damaged.  Second, the lines include burst disks as a last resort.  
Also, all lines and fittings in the circuit are rated and proof tested to beyond the maximum operating 
pressure, set by the relief pressure of the burst disk. 

A similar overpressure scenario could occur on the low-pressure return line, due to a pinch in a line or 
valve closure.  Here, also, relief valves and pressure-tested lines ensure that any overpressure is 
accommodated.  Even though the return lines nominally operate at a lower pressure, they are rated and 
tested to the same level as the supply lines.  This ensures that the entire circuit is pressure-rated to the 
same maximum operating pressure. 

A different type of overpressure could occur in the Valve Box, if a high-pressure heat exchanger 
developed a leak.  Here, the normally-evacuated Valve Box would fill with refrigerant until it equalized in 
pressure with the high-pressure inlet line.  This pressure is much more than the vacuum vessel typically 
handles.  Such a scenario is addressed first by the vacuum pump on the Valve Box, which would pump 
out any refrigerant from a small leak.  Larger leaks would be handled by an over-pressure burst disk in 
the Valve Box, which could accommodate the mass flow of the largest design leak in a heat exchanger. 
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Fire 

Two hazards associated with fire have been identified. First in the proximity of an ignition source, the 
leak of a flammable refrigerant would result in a fire. Certain refrigerants are flammable; this hazard has 
been eliminated by designing the systems to use non-flammable refrigerants only. None of the 
constituents of the refrigerant mixture are flammable or explosive. 

Materials and Substances 

The second hazard associated with a fire is that if a fire were to occur, the fumes and combustion 
products from the burning refrigerant are harmful to human health and the environment.  This is a 
known hazard for the refrigerants in the systems.  This is addressed in three ways.  First, fire due to 
overheating in the refrigeration system itself is mitigated by monitoring the temperature of the 
compressors in the utility room.  Second, sprinklers or another automatic fire-suppression system will be 
used in the utility room.  Third, emergency procedures for the dome and support building will include 
provisions for the possible presence of hazardous fumes. 

Apart from a fire, an accidental release of refrigerant in the Utility Room may pose a risk of asphyxiation.  
While the refrigerant mixture is at room temperature while in the room, it is under pressure and some 
of the constituents are heavier than air.  A release in the closed volume of the room may displace air.  
This potential hazard is being addressed as the system is being developed and sized.  If the volume of 
refrigerant is large enough to pose a hazard, the room may need to be outfitted with an oxygen-
deficiency monitor or auxiliary ventilation system. 

Contamination 

There are three possible sites for contamination in the observatory:  CCD’s and the L3 lens in the 
Cryostat, and the mirrors in the telescope.  Within the Cryostat, the risk of contamination due to 
inadvertent leak of refrigerant is reduced by adding secondary containment in the form of vacuum 
guards around every joint in the cryostat vacuum.  This includes all welded and brazed connections, as 
well as mechanical fittings.  The secondary containment volume is under vacuum and monitored 
continuously, and can be actively pumped if needed, so any small leak is quickly detected and can be 
addressed immediately. 

In the Utility Trunk, a leak in a hose or tube fitting could release gaseous refrigerant into the air where it 
could contaminate the surface of the M2 mirror which surrounds the camera.  This is mitigated first by 
pressure-testing the entire system prior to use.  Also, all constituents in the refrigerant mix are benign 
and not expected to affect the mirror coating or substrate. 

21.3.1.6 Science Raft Tower 

Thermal and Cryogenic 

The SRT and RCC modules are designed to operate at very low working temperatures.  However, as with 
any such system, the hardware can be damaged if the safe operating temperature range is exceeded 
either on the cold end or hot side.  For the science rafts, over-cooling or rapid cooling could damage 
either the circuit boards due to larger-than-expected thermal stresses, or the detectors themselves.  
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These risks are mitigated by the design of the refrigeration systems, which have an operational floor 
based on the thermodynamics of the working fluids.  Also, the raft tower test program includes 
qualification and acceptance tests that cover the full survival temperature range of the system. 
Furthermore, qualification tests demonstrate that the raft tower is capable of surviving a much larger 
number of temperature cycles than will be experienced in the planned operating life of the Camera. 

On the hot side, sensors or boards could overheat during bench testing of components during 
integration.  Here, mechanical failure is not possible, since components are all designed to endure much 
larger temperature gradients on the hot  side.  The most sensitive part of the assembly on the high 
temperature side is the Parlene C passivation coating which is damaged by extended exposure to 
temperatures over 80 °C.  All Cryostat bake-out steps will be carefully controlled and monitored to 
ensure that maximum temperatures are not exceeded. 

Structural 

The raft tower is a relatively benign structural assembly, with low loads and high margins of safety.  
Most components are sized to maximize thermal conductivity, including the bolted joints in the 
assembly, thus mounting points are multiply-redundant and significantly overdesigned for carrying the 
structural loads.  Two parts pose the most significant structural hazards of the assembly. The loaded 
rafts are held on their kinematic balls by three pre-loaded springs, to ensure that the loads and 
deflections are unchanging.  However, failure of a spring or support feature would release the raft, 
causing it to drop out of its ball sockets and either hit the L3 lens or more likely to swing down and 
damage sensors in neighboring rafts, both of which would cause significant damage to the camera.  This 
significant risk element for a single-point failure item is being mitigated on three fronts.  First, the design 
of the spring mechanisms is fail-safe to the loss of a spring.  The spring itself is a compression spring, 
which is fully contained and guided to eliminate any possibility of buckling or loss of compression.  The 
support feature that holds the spring units to the Grid has also been designed to ensure that it is always 
fully engaged.  Second, the system is designed with relatively high margins of safety on all components.  
Finally, the design is being prototyped and strength qualification tested to determined safe working 
loads, then production units will be proof-tested prior to use. 

The second hazard risk associated with the structural design is the machined ceramic components that 
support the CCD sensors.  Silicon-carbide ceramic is used for these to maximize heat conductivity and 
reduce thermal contraction of the assembly.  However, the ceramic is more brittle than most metals and 
typically fails by fracturing, not yielding.  The ceramic components are designed to minimize stress 
concentrations and sharp corners where chipping may occur, and installation tooling prevents collision 
of adjacent ceramic parts.  A design option under consideration is the use of threaded ceramic 
differential screws for height adjustment.  While three screws are used to position and support each 
sensor, only two are needed to support it, so the screws are redundant structures.  Failure of one screw 
would not result in loss of a sensor, but would likely result in its misalignment only, and possible 
particulate generation.  The likelihood of such a hazard is being reduced by prototype testing to ensure 
that the screw can carry not just the expected support and thermal contraction loads, but also those 
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associated with misalignment and adjustment forces.  Also, a more fracture-tough ceramic is being used 
to reduce the likelihood of a failure of the material. 

The SRT assemblies include hundreds of threaded fasteners and thousands of surface-mount electronic 
components.  Due to the sensor-down orientation of the tower in operation, components which 
become free due to thermal cycling could fall onto the underside of a CCD, possibly causing mechanical 
breakage or electrical shorting.  The design incorporates conformal coating of the circuit boards, a 
conductance barrier between the FEC and RSA, and captive hardware where possible to mitigate this 
risk.  Thermal cycling tests with dummy assemblies also address the likelihood of such an occurrence. 

Electrical 

The sensor read-out and digitizing electronics includes low-voltage power conditioning, clocking, and 
signal processing.  As with any electronics system the two most common hazards are over-current or 
short-circuits and over-voltage due to power supply failure or electro-static discharge (ESD).  Over-
current protection is built into the circuitry of the power supply design and the design is intentionally 
divided into independent one-raft units of low total power, so this hazard is addressed at the source in 
the circuit designs.  ESD hazards are the more serious of the hazards.  This is mitigated by locating over-
voltage protection diodes at all sensitive nodes where this is possible, and by administrative controls for 
handling of all devices including low-voltage circuits.  This includes standards for packaging for storage 
and delivery of components, design criteria for test benches and clean room materials, and protocols for 
handling and testing of ESD-sensitive parts.  While only a few components in the raft tower are ESD-
sensitive, the entire Cryostat assembly will be treated with ESD precautions. 

Contamination 

The primary contamination risk for raft towers is contamination of the sensors by materials outgassing 
inside the cryostat vacuum.  Such an event could significantly affect the response of the CCD sensors and 
possibly irrevocably damage them, making this a significant hazard.  Raft towers include three possible 
sources of contamination for the CCDs:  outgassing of component materials, release of contaminants 
due to catastrophic failure of an electrical component, and inadvertent introduction of contamination 
during processing of assemblies. 

Contamination due to materials outgassing is being addressed at the source with a materials and part 
characterization test facility.  This is intended to test every material that is used in the cryostat to 
determine the quantity of outgassing and constituent materials being deposited, then also to assess the 
effect of deposited material on the system throughput.  During production, this will be expanded to 
include component-level testing of all assemblies, both to qualify the assembly and test processes, and 
for a final acceptance test prior to delivery.  Furthermore, getter canisters are installed in the Cryostat 
vacuum to trap some fraction of condensable contaminants. 

The most likely source of contamination is cross-contamination of parts during processing, assembly, or 
testing.  This source is address by process controls invoked by the camera contamination control plan 
(CCP), which defines clean room facility requirements, handling protocols, and cleaning procedures for 
all components being used in the camera.   
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21.3.1.7 Corner Raft Tower 
Hazard risks in the corner raft towers are identical to those in the science raft towers, given their very 
similar design.   

21.3.1.8 System Electronics 

Thermal and Cryogenic 

Any of the active devices, but especially the power systems, can be damaged or cause damage to nearby 
components if the cooling is not active while the systems are powered and they overheat.  The time 
constants for damage from overheating are relatively long—on the order of tens of minutes—so that 
protective measures based on monitoring a rise in temperature would be fully effective. The primary 
method of mitigation will be monitoring and control by the CCS. Device temperatures are also 
monitored by the Camera Protection System. This provides a hardware over-temperature interlock to 
shut down any device that exceeds its allowed temperature limit. 

Electrical 

Component failures or shorts in active devices could result in over-current. To protect against that 
possibility, the power supply system not only monitors currents into the various loads but implements 
over-current and over-voltage protection for all loads.  This provides first order but not complete 
protection against catastrophic failures in the loads. 

Another possible source of shorts to ground or other potentials is the abrasion of cabling.  To protect 
against such a possibility, the cable plant is protected in all areas where abrasion or rubbing could occur 
to prevent cut-through of or failure of the insulating materials.  

Fire 

If the Utility Trunk volume is purged with air, some of the electronics objects may pose a fire hazard. 
However, the energy densities are relatively low, so this is not expected to be a significant hazard.  To 
mitigate against this, board designs use fire retardant materials such as FR-4.  The Camera Protection 
System shall include some level of smoke detection within the Utility Trunk and Camera Body. The need 
for active fire suppression is not anticipated but is under investigation.  

21.3.1.9 Camera Body 

Structural 

The Camera housing, sealing skirt, and L1-L2 Assembly form an enclosure that is pressurized at a very 
slight positive pressure. The Viton sealing skirt will vent any excess pressure and a pressure-relief valve 
will ensure that in all circumstances the pressure in the Camera volume never exceeds its limits. 

Since the Camera housing and back flange provide the primary structural support for the Camera, there 
is a risk that over-stressing or failure of one structural element could result in large-scale damage or 
collapse.  To mitigate this, we are designing the flange and housing with conservative margins even 
under extreme seismic loading conditions.   
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Environmental 

The hermetic seals that make up the Camera volume ensure that Camera components and optics 
operate in a clean, low-humidity environment.  However, failure of any one of these seals could result in 
the introduction of contaminants into the volume.  Such a failure is mitigated by slightly over-pressuring 
the volume to ensure that any leaks that form result in a net outward flow.  Instrumentation will 
monitor both the internal pressure and flow rate of purge gas, so a leak can be identified. 

If dry nitrogen is used as the purge gas, the Camera volume will be oxygen-deficient and a hazard for 
personnel accessing the Camera for servicing.  Here, oxygen-deficiency monitors and administrative 
controls will be used to reduce this risk. 

References: 
LSST Safety Program     LPM-18 
Draft - LSST Camera System Safety Program Plan LCA-31-A 
Draft - LSST Camera Preliminary Hazard Analysis  LCA-14-A 
Draft - LSST Camera Hazard List   LCA-15-A 
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