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jUniversité Grenoble-Alpes, CNRS/IN2P3, Laboratoire de Physique Subatomique et de
Cosmologie, 38026 Grenoble, France

kSorbonne Université , Université Paris Cité, CNRS/IN2P3, Laboratoire de Physique
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ABSTRACT

The LSST Camera is the sole instrument for the Vera C. Rubin Observatory and consists of a 3.2 gigapixel focal
plane mosaic with in-vacuum controllers, dedicated guider and wavefront CCDs, a three-element corrector whose
largest lens is 1.55m in diameter, six optical interference filters covering a 320–1050 nm bandpass with an out-
of-plane filter exchange mechanism, and camera slow control and data acquisition systems capable of digitizing
each image in 2 seconds. In this paper, we describe the verification testing program performed throughout the
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Camera integration and results from characterization of the Camera’s performance. These include an electro-
optical testing program, measurement of the focal plane height and optical alignment, and integrated functional
testing of the Camera’s major mechanisms: shutter, filter exchange system and refrigeration systems. The
Camera is due to be shipped to the Rubin Observatory in 2024, and plans for its commissioning on Cerro
Pachon are briefly described.

Keywords: LSST Camera, Vera C. Rubin Observatory, CCD, Focal Plane

1. INTRODUCTION

The Vera C. Rubin Observatory is a new facility on Cerro Pachon in Chile designed to conduct the 10-year Legacy
Survey of Space & Time (LSST), an all-sky optical/NIR survey of 18,000 deg2 of the Southern Hemisphere in
six optical bands.1 The LSST will reach a 5σ limiting magnitude of roughly 27 (r-band) over 10-years and will
observe each direction over 825 times. An estimated 20 billion galaxies, 17 billion stars and over 6 million solar
system objects will be detected, enabling a wide range of scientific topics, from the precision study of Dark
Energy and the accelerated expansion of the universe, the structure and formation of the Milky Way, to the
history and development of the solar system. Images will be analyzed in real time to flag changes in flux or
position of galaxies, stars or solar system objects, enabling extensive investigations in time-domain astronomy.
We estimate that 10 million such alerts will be available to all Rubin community data-rights holders each night.
All LSST data products will be available to data-rights holders as they are produced in annual data releases.

The Rubin Observatory’s Simonyi Survey Telescope has a three-mirror modified Paul-Baker design, with an
8.4 meter combined primary-tertiary mirror and a 3.4 meter secondary. The optical system of telescope and
Camera were designed in tandem, with astigmatism corrected by the three reflective elements, and the minimal
power refractive elements primarily correcting chromatic aberrations. The resulting optical system delivers a fast
F/1.23 beam with excellent optical performance across the entire 3.5◦ diameter field-of-view. The LSST Camera
is the sole instrument for the Rubin Observatory, and it features a 3.2 gigapixel focal plane mosaic of CCDs
with in-vacuum controllers, dedicated guider and wavefront CCDs, a three-element corrector whose largest lens
is 1.55m in diameter, six optical interference filters covering a 320–1050 nm bandpass with an out-of-plane filter
exchange mechanism, and camera slow control and data acquisition systems capable of digitizing each image in
approximately 2 seconds.

2. REQUIREMENTS & CAMERA DESIGN

The design of the LSST Camera is a product of the overall science goals of the LSST survey, as described in the
Science Requirements Document.2 From these, requirements were flowed down to all subsystems of the Rubin
Observatory; a selection of the requirements for the Camera is presented in Table 1.

The LSST Camera requirements can be understood as flowing down from the need to survey rapidly, such
that Rubin can observe every direction of the available night sky at the desired depth in just three or four
nights. To achieve the needed etendue, Rubin features an 8.4 meter diameter primary mirror coupled with a 3.5◦

diameter field of view, and an extremely fast focal system with F/1.23. With this focal ratio a reasonable choice
of 10µm pixels yields a plate scale of 0.2′′/pixel oversampling the typical PSF having FWHM of 0.7′′. These
parameters lead to a focal plane with 201 CCDs and 3.2 Gigapixels and to achieve a high fill factor, 4kx4k CCDs
with minimal uninstrumented area were developed. The very fast optical system necessitated a very flat focal
plane to maintain good focus and image quality across the entire field of view. The needed survey speed also
points to short exposures, with a nominal survey strategy of two 15 s exposures on a single field and a system
capable of rapid slewing. To minimize dead-time, a goal of a two second read-out was specified, which led to
the development of custom 16-channel CCDs operating at 0.5 MHz. In turn the large number of video channels
(201 × 16 = 3216) led to the placement of custom high-density CCD controllers immediately behind the focal
plane and in the same vacuum vessel, so that only power and digital data connections are needed through the
cryostat vacuum. The imaging region is comprised of 21 Science Rafts each with 9 Science CCDs, and 4 Corner
Rafts each with 2 Guider CCDs and one split Wavefront CCD. The large focal plane (64cm by 64cm) required
a refrigeration system with 500 Watts of lift at −130 degC to cool the CCDs (Cryo Refrigeration), and an
additional refrigeration system to cool the in-vacuum controller electronics with 1000 Watts of lift at −40 degC



Table 1. A selection of LSST Camera requirements. The top set are Camera level requirements, and bottom pertain to
the Focal Plane and Cryostat.

Requirement Criteria

Optical Throughput > 22.5%, 45.4%, 49.1%, 46.3%, 12.6% in (u,g,r,i,z,y) bands

Camera contribution to Image Quality < 0.3 arcsec FWHM

Readout Time 2 (3) seconds

Shutter Light Tightness < 0.1 e−/pixel per 15 sec in dark dome

Shutter Timing Repeatability < 50msec

Guider Readout Rate > 9 Hz with 50× 50 pixel ROI

Filter Exchange Time < 90 sec

Mass < 3060 kg

Quantum Efficiency > 41%, 78%, 83%, 82%, 75%, 21% in (u,g,r,i,z,y) bands

Focal Plane Flatness ±11µm

CCD Diffusion σ < 5µm

Read Noise < 9(13) e− RMS

Crosstalk < 2× 10−3 (< 1× 10−4) intra- (inter-) Raft

Gain Stability < 1% RMS over 12 hours, < 0.1% RMS over 1 hour

Linearity < 3% up to Full Well

CCD Temperature Stability ±0.25◦C variation over 12 hours

(Cold Refrigeration). Finally, the placement of the Camera inside the annulus of the secondary mirror (M2)
required an extremely compact and light weight design, with no components outside the edge of the Camera’s
large L1 lens (1.55m diameter) and all support equipment in a narrower Utility Trunk fitted inside the M2
support structure. With these space constraints, the only place to store the large (80 cm diameter) filters is
around the perimeter of the Camera body and outside the cryostat and the Filter Exchange system must move
the filters in three dimensions. Likewise, the Shutter features two overlapping panels on each side of the aperture,
to fit in the Camera envelope.

3. VERIFICATION TESTING PROGRAM

The goals of our Camera testing program have been multi-fold: to verify Camera requirements and also to
gain ample experience in operating the Camera prior to its installation in the Rubin Observatory, to optimize
its performance and especially to uncover problems as early as possible. Therefore we adopted an approach
to conduct testing of each subsystem and at each stage of the Camera integration (test-as-you-go) and to
perform the testing in as realistic a manner as possible (test-as-you-use). In addition, we took advantage of
the Rubin Observatory’s systems engineering and requirements flow-down to trade off performance parameters
where necessary. A previous proceeding described the verification testing program in the planning stages3.4 The
final Camera mechanical integration will be described in a companion proceeding at this conference.5

As an example, we point to the range of CCD and Focal Plane testing conducted. Our custom CCDs were
all tested at the vendor, and a subset were individually tested with commercial controllers to ensure consistency
with the vendor measurements6.7 The CCDs were assembled into 21 9-CCD sub-assemblies (Science Rafts) and
4 3-CCD units with wavefront and guider sensors (Corner Rafts). Each Raft, with accompanying controllers on
custom Readout Electronics Boards (REBs) was tested at BNL8 and again after shipment to SLAC. Testing at
both sites enabled more rigorous testing and higher throughput, and allowed us to incorporate improvements in
CCD bias and clock voltages, sequencer micro-code, and image collection and analysis during the Raft production



period. Next, we installed rafts into the cryostat focal plane in three stages, first with two engineering grade
rafts, second with the focal plane partially filled with 9 Science Rafts and all 4 Corner Rafts and finally with
the completed Focal Plane. Electro-optical testing and focal plane height measurements were performed as part
of each of these three phases, again to ensure that the installation was proceeding as desired and to identify
problems as soon in the construction cycle as possible. Due to problems with the original design of the Cold
refrigeration system, responsible for cooling the in-vacuum REBs, we added an additional phase of testing with
the completed Cryostat attached to the Utility Trunk and its support equipment. Lastly we conducted a round
of testing with the completed Camera.

Electro-optical Focal Plane verification testing was conducted with a number of light projectors, both to cover
all pixels with roughly uniform illumination and also with structured light sources on individual CCDs for more
detailed studies of CCD performance. Two different uniform illuminators were used, each with an integrating
sphere and projector lens placed in front of the Cryostat or Camera. The initial projector used a commercial
Xe lamp with either broad-band or narrrow-band filters, while a second device used a set of six LEDs with
wavelengths centered on the Camera’s filter bandpasses. A photodiode with picoammeter readout monitored the
flux level for each exposure. Additional structured light projectors were capable of producing a grid of artificial
stars, four large spots or a single streak to study cross-talk, and a wavelength selectable pencil beam. These
projectors were mounted on moveable stages to place light as desired on the Focal Plane. The pencil beam had
a photodiode that could be inserted into the beam to enable calibrated flux throughput measurements and was
mounted an a 4-axis stage to produce any ray hitting the focal plane from any portion of the pupil.

Custom scripts were developed to collect bias, dark and flat-field image sequences with flexible specification of
the number, exposure time, flux level and wavelength. Images were transferred into the Rubin U.S. Data Facility
at SLAC and an appropriate subset of the Rubin Data Management instrument signature removal algorithms
was applied. Additional analysis code was developed to assess a selection of key performance parameters for each
of the 16 amplifier sections of the CCDs, these included read noise, gain, full-well, charge transfer inefficiency,
dark current as well as summary statistics such as temporal bias variation, gain variation and brighter-fatter
correlations. Mosaics of these quantities across the Focal Plane and summary histograms were produced, acces-
sible from a static web interface for rapid perusal of all 201 CCDs. Image mosaics from bias, dark and flat fields
were also produced.

Additional verification testing was performed to measure the height of the focal plane and the optical align-
ment of the L1-L2 lens pair with respect to the vacuum window L3 and the Focal Plane, as contributions to image
quality requirements. A custom metrology device was developed using non-contact height sensors, a moveable
stage and a reference optical flat to measure the relative heights of the CCD surfaces. Optical alignment was
performed with standard laser tracking using spherically mounted retro-reflectors on the lens cells and cryostat,
making use of vendor-provided fiducialization. Timing requirements for the shutter, filter exchange system and
guiders were verified with functional testing. The Camera’s control system records very extensive telemetry,
including CCD and REB temperatures, to enable verification of thermal requirements.

3.1 PROBLEMS DISCOVERED DURING TESTING PROGRAM

During the course of Camera integration and testing, four major problems were uncovered and remedied. Each
of these was found during the verification testing program, and they were discovered at an early time in the
integration, which of course gave us more time in our schedule to mitigate these problems. These issues were:
particulate contamination produced in Raft assembly that shorted out CCD wire-bond or connector pins, failure
of the vapor-compression Cold Refrigeration system responsible for cooling the REBs to −40◦C, a vacuum leak
in a REB power-supply vacuum feed-through and failure of the turbo-molecular pump on the main Cryostat.

4. VERIFICATION TESTING RESULTS

In this section we present a selection of testing results, both for requirement verification and also Camera
characterization. First light for the completed Focal Plane was achieved in the fall of 2020, and publicity images
were produced with a pin-hole projector consisting of a small light-tight box with a 150µm pinhole internally lit
with battery-powered LED lights, placed roughly 1 meter below the Focal Plane. An image of anything in the



box is projected onto the CCDs; our first light images were of a well-known photograph of Vera Rubin and of a
piece of Romanesco broccoli, as shown in Figure 1.

Figure 1. First light Focal Plane pin-hole projector images of Vera Rubin (left) and Romanesco broccoli (right).

4.1 Quantum Efficiency & Throughput

The quantum efficiency of the CCDs was measured for each Science Raft in a dedicated test stand.8 QE results
are shown for all 189 CCDs as a function of wavelength in Figure 2. The sensors were produced by two vendors
and their different anti-reflective coatings produced slightly different results; these differences will be corrected
via in-dome calibration measurements. Integrated throughput requirements were verified by combining the CCD
QE results with vendor provided throughput in both the optical filters and the three lenses. This combination
in shown in Figure 2. The Integrated throughput exceeds the required level with more than 30% margin in each
filter band. We explicitly measured the integrated throughput for the Camera system in the r filter, using the
wavelength-selectable pencil beam. Those measurements compare well with the combined values, as shown in
Figure 2.

4.2 Image Quality

Three components contributing to image quality are the subject of verification testing: CCD diffusion, focal plane
height variations, and optical alignment. Additional contributions from the as-built lens figure and wavefront
are also assessed from vendor measurements and optical modeling.

The typical level of CCD diffusion is σ ∼ 4.3µm as measured with Fe55 x-rays, corresponding to a FWHM
contribution of 0.20′′, which is the dominant contribution from the Camera to image quality. Verification testing
at the cryostat stage used a flat window instead of the L3 lens mounted to a ring with Fe55 sources and shutters
placed around the ring perimeter. A mosaic of the CCD diffusion is shown in Figure 3 measured with the
completed focal plane.

Due to the Rubin Observatory’s fast F/1.23 optical system, deviations from a flat Focal Plane will quickly
impact image quality. Each component of the Focal Plane had tight height specifications, including the CCDs,
Raft baseplates and Raft mounting structure (Grid). The Grid was attached to the Cryostat via a kinematic
mount with flexures, which were adjusted to place the CCD surface at the desired location relative to the
Cryostat front face where the L3 lens was mounted. Each Raft was constructed to provide a flat CCD surface at
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Figure 2. Quantum efficiency as a function of wavelength for each of the 189 Science CCDs (upper left). CCD-250
sensors from e2v are shown in red, STA-3800 sensors from ITL are shown in blue. Integrated throughput, combining our
CCD measurements with vendor filter and lens throughput data, as a function of wavelength (upper right). Integrated
throughput measurements in the r-band as a function of wavelength, compared against the combined values (bottom).

the desired height above the kinematic mounting points between the back of the Raft baseplate and the Grid, and
each Raft’s height was individually measured with a custom metrology instrument. Precision tooling balls were
used between Grid cones and Raft v-blocks; different size balls were available for individual height adjustment
but ultimately only tooling balls of the nominal size were used. The focal plane surface was measured with a
custom metrology instrument, with precision non-contact height measurement devices placed on an XY stage
and referenced to a moveable optical flat.9 The focal plane surface was measured at room temperature without
the flat window installed, at room temperature with the flat window and finally with the CCDs cooled to their
nominal −100◦ C temperature. A map of the relative height at operating temperature is shown in Figure 4,
along with histograms of the relative height distribution for Science CCDs, Wavefront CCDs and Guider CCDs.
Notably the RMS height variation in the Science CCDs is 4.0µm with a roughly Gaussian distribution, consistent
with the image quality allocation for this contribution. The Wavefront sensors in the Corner Rafts have two
CCDs split so that one half is above or below the Focal Plane by 1.5mm. This offset is removed for the Focal
Plane height map and histogram, with only relative deviations shown.

The delivered image quality of the Rubin optical system was evaluated using the as-built wavefront and
positions of the three mirror system as well as the measured locations of the L1-L2 lenses, L3 and the focal
plane following optical alignment of the L1-L2 lens pair. The L1-L2 pair is mounted to the Camera body front
flange via six adjustable legs, whose lengths were set during the laser tracking based alignment of L1-L2 to
optimize the delivered image quality of the entire Rubin optical system. Spot diagrams, in the r-band, for twelve



Figure 3. Diffusion σ in each CCD, as measured via Fe55 x-rays. All science CCDs are operated with a back bias of 50V,
except for three CCDs in the lower left of the focal plane which are set at 30V to minimize the flux from a hot defect.
The wavefront and guider CCDs are set to 30V back bias. The observed diffusion is consistent with expectations given
the back bias and the 100µm thick Si.

fields and five wavelengths are shown in Figure 5 for both the Rubin design parameters and the as-built system.
Note that the as-built image quality is optimized using the 10 degrees of freedom available in the Camera and
M2 hexapods. The Rubin active optics system will adjust these degrees of freedom and 38 additional ones for
the M1-M3 and M2 mirror figures with both static look-up tables and an active control loop, so assessing the
image quality after just a partial optimization is a conservative choice. The contribution in quadrature of the
as-built Camera optics to image quality, including measured lens wavefronts and misalignments, was just 0.079′′,
consistent with the allocation.

4.3 Timing Requirements

The nominal cadence of image taking in LSST consists of two exposures (snaps) taken on the same field (visit).
Individual steps for each visit are listed in Table 2, which compares the design values with the as-built timing.
The shutter is opened moving in one direction across the aperture and closed moving in the opposite direction,
such that each part of the field of view is exposed for an identical duration; as such only one shutter movement
needs to be included for each snap. In addition, only one CCD readout is included since the readout of the second
snap occurs while the telescope is slewing to the next field. The excess time relative to nominal of 0.4 seconds is
mostly due to the choice of a 2.407 second readout. A nominal 2.0 second readout was demonstrated, but better
noise and full well performance was achieved with a slightly longer readout time. The estimated depth for the
full 10-year LSST survey was evaluated to compare better performance but with slightly longer time for each



Figure 4. Measured relative height map of the Focal Plane (left). Relative height distributions for Science, Guider and
Wavefront CCDs (right).
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Figure 5. Optical ray tracing spot diagrams for the Rubin optical design (left) and the as-built system (right), for twelve
fields and five wavelengths in r-band. The as-built results are following an optimization of the image quality with the
Camera and M2 hexapod degrees-of-freedom.

visit and the change was shown to lead to a modest net gain. In principle, further optimization is possible, in
particular to perform the CCD clear for the first snap at the end of the slew, but this awaits commissioning of
the Rubin Observatory.

In addition to the overall visit timing, we verified the requirement on the variation of exposure time across
the field of view caused by differences in the shutter trajectories for the opening and closing motions. The shutter
blade trajectories are measured by both motor encoders and Hall probe sensors placed at intervals along the
shutter rail. Both telemetry streams are recorded for each shutter motion by the Camera control system, and
are fit to a simple physical model to aid in monitoring. The difference in time of the open and close trajectories
versus position is shown in Figure 6(top) for both starting shutter blade positions. The spikes at the edges are
outside the aperture of the LSST beam, and the region inside the beam shows extremely uniform exposure times
across the field of view, at the 1msec level, almost a factor of 50 better than required. We also show 50 shutter



Table 2. Timing of steps in a nominal LSST set of two exposures (visit) on a single field.

Step Design Values [sec] As-Built Values [sec]

Shutter Movement 2× 0.980 2× 0.9

Shutter Open 2× 15.0 2× 15.0

CCD Clear − 2× 0.065

Readout 2.0 2.407

Camera control & DAQ overhead 0.040 0.072

Total 34.0 34.411

trajectories in Figure 6, demonstrating good repeatability.

Figure 6. Difference in exposure time vs. position for shutter open/close trajectories, for both shutter starting positions
(top). Shutter trajectories from 50 open/close cycles in both starting positions (bottom).

Two minutes are allotted for filter exchanges, with up to 30 seconds to rotate the Camera to its nominal
orientation where the Filter Exchange mechanism is upright, and another 90 seconds for the filter exchange itself.
The Filter Exchange system.10 first moves the filter from its online position to the carousel located around the
Cryostat, next the carousel is rotated either one or two slots in either direction to bring the desired filter into
position, and finally the filter is brought down to the online position. A histogram of the filter exchange timing
is shown in Figure 7, demonstrating motion within the allocated time. The two peaks are for cases where the
carousel rotates either one or two slots to bring the desired filter online.

The final timing specification is for the Guider CCDs readout. There are two Guider CCDs in each of the



Filter Exchange Time [sec]

Figure 7. Filter exchange timing for 100 exchanges.

four Corner Rafts; these are STA-3800 devices identical to those used as Science CCDs. The Guider CCDs can
be readout in full frame mode along with the rest of the Focal Plane for calibrations, but in nominal use have a
50× 50 pixel region-of-interest (ROI) readout at 9Hz. Each Guider CCD may have a different ROI as specified
by the Observatory Control System, and the ROI may cross amplifier boundaries in the top or bottom half, but
not the mid-line break of the CCDs. A single ROI from laboratory testing with an artificial star and from the
Rubin Auxiliary Telescope (AuxTel) is shown in Figure 8. The Guider has achieved 8.8Hz ROI operation in this
testing, and a final suite of requirements for read noise and ROI placement and size will be verified when the
Camera is operated in the summit facility in the third quarter of 2024.

Figure 8. Guider CCD region of interest for an artificial star (left) and a star observed with the Rubin Auxiliary Telescope
(right). The axes are labeled in pixels.

4.4 Electro-Optical Testing & Results

Many of the Camera requirements depend on the Focal Plane performance in electro-optical testing. Measure-
ments of quantities such as read noise, linearity, full-well, gain and gain stability and charge transfer inefficiency
were made at each step of the Camera construction. Here we show results from the electro-optical testing periods
from October to December of 2022 with the Cryostat only and from June and November of 2023 with the fully
assembled Camera. A mosaic of the read noise and cumulative histogram of the noise is shown in Figure 9(left).
A subset of CCD amplifier channels exceeded the requirement of 9e− RMS, and again the impact of this was
evaluated against the LSST Science requirements, with the conclusion that the higher noise on a small number
of channels would have little impact except for a small reduction in depth for u-band images, especially on



consideration that most of the CCDs achieved less than 6e− RMS noise. The read noise requirement was recast
with allotments at 7, 9, 13 and 18 e− RMS noise levels and the measured cumulative read noise levels are shown
in Figure 9(right). The read noise levels were highly consistent across electro-optical testing from single Raft
through to full Camera operation.

Figure 9. Read noise mosaic (left) and cumulative distribution of read noise levels (right) in units of RMS electrons.

The level of cross talk between readout channels was measured with structured light sources during electro-
optical testing at the Cryostat level. Cross talk results shown here come from images with four large light spots
projected onto different parts of four amplifiers (individual ∼1M pixel readout segments of one sensor), such
that the spots occupy different pixels on each amplifier.11 This 4-spot pattern was imaged four times per CCD
(to cover all 16 readout segments) and on all CCDs in the Focal Plane. Care was taken to model stray light and
diffraction tails overlapping the pixels where cross-talk is observed. No cross-talk was observed between CCDs,
only internally in each CCD. The matrix from source amplifier to target amplifier is shown in Figure 10 (left)
for a representative CCD from each vendor, and histograms of all cross-talk coefficients are shown in Figure 10
(right) for different groupings of amplifiers. In each case the cross talk level is shown for a flux level of roughly
50ke−. The level of cross talk is roughly 2× 10−4 for nearest-neighbor amplifiers and drops off with distance. In
this analysis the cross talk is analyzed in terms of a single coefficient, but as mentioned below further studies show
a nonlinear cross talk component as well as small time-dependent effects. The cross talk level is substantially
lower than the required level and the lack of any inter-CCD cross talk reduced the complexity of the needed
corrections.

The gain of the video chain is measured via the photon transfer (PTC) method, using over 800 images with
a logarithmic distribution of flux at lower values and evenly spaced fluxes at higher values. The flat fields are
analyzed taking into account the impact of the brighter-fatter effect on PTC.12 A mosaic of the measured gain
is shown in Figure 11(left). Gain values differ between the two CCD types, but are quite consistent for each. A
single group of three CCDs in the lower left is out of family due to differences on the REB board that controls
them. The PTC gains are highly consistent between different operating periods. We monitor the gain stability
over time with sequences of flat field images at a constant flux, with corrections from the photodiode monitoring
the light source. Relative response from a sequence of flat fields taken over 24 hours is shown in Figure 11(right)
with one panel per Raft and results from different CCDs shown in different color points. The normalized response
is stable at a level better than 0.05%, much better than the Camera requirements. A few out-of-family points
appear in all CCDs presumably due to common-mode photodiode deviations. Two CCDs have single amplifiers
with very low response, the plots include this data with its higher level of variation. There is a very small gain
response variation present, due to a small changes in temperature at the REBs. The REBs are measured to



Figure 10. Cross talk coefficient matrix between source and target amplifiers on a single CCD for each CCD type (left)
and distribution of the cross talk coefficients for nearest neighbors, next-nearest, other amplifiers on the same CCD half
and amplifiers on the opposite CCD half (right).

have a temperature coefficient of roughly 0.06% per degree ◦C which will be applied as an Instrument Signature
Removal (ISR) correction using REB temperatures from telemetry if necessary.

Figure 11. Gain mosaic in units of [e−/ADU] measured with the photon transfer method (left) and relative Gain stability
from flat field images taken over a 24 hour period (right).

We also evaluate the CCD full-well with the same set of PTC flat-fields. We evaluate several full-well measures,
but cite the maximum observed signal, as shown in the mosaic in Figure 12(left). We also record a measure of
the deviation from the PTC curve and the linearity of response; each of these are different and may be used in
image analysis as needed by the ISR algorithms. We produce individual PTC and linearity plots for each CCD
amplifier; examples of the linearity and linearity residuals for a sample CCD are shown in Figure 12(middle) and



(right). The linearity results in this case are affected by low signal-to-noise photodiode monitoring signals at low
flux, an issue we plan to remedy during Camera reverification on Cerro Pachon as described in the conclusion.
Here we collect images at three different LED current levels, and find that the ratio of CCD/Photodiode flux is
slightly different for each. We collect images that overlap in flux at each LED current, and apply a normalizing
correction between the levels.

Figure 12. Full Well mosaic [e−/ADU ] from flat fields (left), Linearity of measured signal in ADU versus monitoring
photodiode flux (middle) and Linearity residual after a linear fit (right).

We demonstrate the required temperature stability using Camera telemetry, measuring CCD and REB tem-
peratures as a function of time, as shown in Figure 13. The CCD temperature is stable to better than the
required level of 0.25◦ C over this entire period, although we note that individual readings are noisier than this
level of precision so averaging over periods of several minutes is needed. The REB temperature is stable to better
than 1.0◦ C during periods when either images are being taken or when the Camera is idle, but there is a roughly
3◦ C step between these periods. This bimodal behavior will be the subject of further development, although the
current performance would be perfectly acceptable using a small correction for the temperature-dependent gain.

Figure 13. CCD (top) and REB (bottom) temperature vs. time over a 16 day period of Camera operation in November
2023, for one CCD and REB per Science Raft.



4.5 CCD & Focal Plane Effects

During the course of the electro-optical testing we have also continually optimized the CCD and Focal Plane
performance, as described in a companion proceeding in a parallel conference.13 In addition we have observed a
range of CCD features and have characterized these further both to understand the Camera operation but also
to guide us in the development of correction algorithms in the Rubin Data Management ISR. Recent publications
describe detailed results on tree rings and other pixel size effects14 and the so-called brighter-fatter effect that
broadens the PSF as the flux increases from electrostatic repulsion.15

To illustrate the range of observations made with Camera test data we show a gallery of addition Focal
Plane and CCD effects in Figure 14. The effects include: a small level of persistence in the e2v CCD-250 CCDs
following an image with saturated pixels, temporal variations in the bias as seen in a plot of the projected bias
level in the serial direction, correlated read noise, and evidence for small temporal variations of throughput due
to turbulence of air inside the Camera body.16 In addition a detailed study of cross talk and nonlinearity in the
observed cross talk will be published soon.17

5. CONCLUSIONS

Verification testing of the LSST Camera at SLAC was completed in March 2024 and the Camera was shipped to
the Rubin Observatory on Cerro Pachon in May 2024. The Camera will be commissioned in the dome facility
clean room to reestablish nominal operating conditions, verify a few remaining requirements pertaining to the
Guider and DAQ operation and target several remaining Focal Plane optimization targets. In the fourth quarter
of 2024 the Camera is schedule to be installed on the Simonyi Survey Telescope with on-sky commissioning to
follow. The 10-year LSST is scheduled to begin in the middle of calendar 2025.
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