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ABSTRACT. We outline the scientific motivation for reducing the systematics in the image sen-
sors used in the LSST. Some examples are described, leading to lab investigations.
The CCD250 (Teledyne-e2v) and STA3900 Imaging Technology Laboratory (ITL)
charge-coupled devices (CCDs) used in Rubin Observatory’s LSSTCam are tested
under realistic LSST /1.2 optical beam in a lab setup. In the past, this facility has
been used to characterize these CCDs, exploring the systematic errors due to
charge transport. Now, this facility is being used to optimize the clocking scheme
and voltages. The effect of different clocking schemes on the on-chip systematics
such as non-linear crosstalk, noise, persistence, and photon transfer is explored.
The goal is to converge on an optimal configuration for the LSSTCam CCDs, which
minimizes resulting dark energy science systematics.
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1 Introduction

The charge-coupled devices (CCDs) that are used in the Rubin Observatory camera (LSSTCam)
are a special design, dictated by the rapid pace across the sky of the imaging survey: LSST.!
Driven by the prospect of imaging billions of distant galaxies many hundreds of times, the large
telescope—camera system was designed to take short exposures and read out all 3.2 billion pixels
in only 2 s. One thousand to 2000 exposures will be made per night for 10 years.

In this brief paper, we describe how two of the science motivations for LSST (dark energy
and dark matter) drove the CCD design and discuss the low-level systematics of the sensor which
must be minimized for LSST to reach its science potential. Past sky surveys have been sample-
limited (generating a statistical noise), but our system collects so much light and covers such a
large area per exposure that we will not be sample-limited: the LSST science will be systematics-
limited. Some of those systematics are astrophysical, and some systematics come from the
atmosphere, but the overall systematic error cannot be smaller than those systematics arising
in the CCD sensors.

Dark matter and dark energy (the late-time acceleration of the expansion of the universe)
comprise 95% of the mass energy of our universe and are evidence of new physics—beyond the
standard model of particle physics. The prospect of probing them with LSST is exciting.
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We begin by describing one of the LSST probes of the characteristics of dark energy and
dark matter (weak gravitational lensing and the associated “cosmic shear”’) and show how the
requirements for precision dark energy science lead to requirements for precision in the CCD
signal.

2 Cosmology Drives Sensor Design

Figure 1 shows a view through the three-dimensional (3D) universe similar to what we expect
from LSST. This simulated color image,” a composite of three individual frames with different
color filters, shows one 4 K x4 K CCD (13 x 13 arcmin of the sky) out of 189 CCDs in the
LSST focal plane. It corresponds to only 2.6 parts per million of LSST’s ultimate sky coverage
of 20,000 square degrees. We see a few foreground stars, several foreground galaxies, and an
abundance of very distant galaxies.

Those distant galaxies are also distributed over a wide range of distance and redshift z, with
most of them between redshift 0.5 and 3. This enables probes of the nature of space time in that
large volume, using those galaxies’ apparent location and shapes as signposts.

Light from a distant galaxy passes by over-densities of dark matter on its way to us, deflect-
ing its rays. The distant galaxies thus appear at new places in the sky, and their shape is distorted
into a miniature arc: a cosmic mirage. An intrinsically round galaxy will be distorted into an
elliptical shape with a major to minor axis ratio a/b. For faint galaxy weak lensing, the dimen-
sionless galaxy shear y is defined in terms of an amplitude |y| = (1 —b/a)/(1 4+ b/a) and a
direction. Correlations of shear among pairs of galaxies as a function of redshift enable sensitive
probes of the nature of dark matter and dark energy.

This effect is shown in Fig. 2 in which the distortions of galaxies in different parts of the sky
trace out the intervening dark matter. This important cosmological tool is called “cosmic shear.”
The positions and shapes of pairs of galaxies at different sky separations, as a function of redshift,
encode the underlying cosmological parameters as a function of look-back time.

The prospect of tracing the development of dark matter structure as well as dark energy (the
recent acceleration of the expansion of the universe) over cosmic time has been a key science
driver for LSST from the earliest days of the project.'*= First detected in 2000, the cosmic
shear signal is small: a coherent distortion of background galaxies with a shear of typically
0.002 on tens of arcminute scales. To measure this at the S/N needed for precision cosmology,

Fig. 1 Looking through a 3D universe. This simulation of a small part of the sky as seen by Rubin
Observatory’s LSST shows some foreground stars and many background galaxies.

J. Astron. Telesc. Instrum. Syst. 011202-2 Jan-Mar 2025 e Vol. 11(1)



Tyson et al.: Science application driven optimization of LSSTCam. ..

OF LIGHT
AROUND
DARK MATTER

Fig. 2 Looking back to galaxies in the early universe and their shape distortions as their light
passed by different over-densities of dark matter on its way to us. Using this “cosmic shear,”
we can make maps of dark matter as a function of redshift at all sky locations covered by
LSST. However, the point spread function must be known.

systematics must be kept below 0.0001 shear. This competes with atmospheric and instrumental
effects including the point spread function (PSF) which are orders of magnitude larger. There is a
correction needed for the shear amplitude which must be kept below 0.001 to achieve this shear
precision.

Methods for addressing this are discussed below. There are several interlocking weak lens
probes of cosmic structure, so-called 3 X 2 point correlations, which reduce degeneracies. We
utilize several types of two-point correlation functions in LSST data: galaxy clustering for posi-
tion—position correlation, galaxy—galaxy lensing for position—shear correlation, and cosmic shear
for shear—shear correlation. These depend differently on the so-called mass bias. Combinations
of pairs of these correlation functions can avoid this bias, yielding a relatively clean probe of dark
matter and dark energy as a function of redshift.'*!

An even more powerful technique is to combine these LSST probes with cosmic microwave
background (CMB) spectral measurements. Combining LSST lensing data with CMB lensing is
particularly powerful.'>!?

To detect this cosmic shear, we must calibrate the optical aberration PSF to better than
100 ppm. Both cosmological dark matter and the atmosphere above the telescope can shear gal-
axy images. We use stars in the same field of view, and in exposures taken at the same time, to
measure the telescope—atmosphere PSF and thus calibrate the shear. This process is shown in
Fig. 3. A single galaxy is sheared by 10%, for visualization purposes. In reality, the cosmic shear
is a factor of 100 smaller. So, the ellipticity of many galaxies must be averaged in a given patch of
sky to detect this small signal. Moreover, galaxies are not all round—they come in a wide variety
of shapes. This ellipticity sample noise is typically a root mean square (rms) faint galaxy ellip-
ticity of 0.2. Thus, this cosmic signal is 100 times smaller. Although statistical errors average
down with the number of exposures, generally systematic errors do not. We must have enough
galaxies in the sample to reach the statistical error floor where systematic errors play a role. To
reach a shear systematics precision of 0.0001, we must have a sample of thousands of galaxies
per 10-arcmin-wide sky patch.

As most of the cosmic shear signal is on angular scales of 10 arcmin and less, we require a
sample of ~40 faint galaxies per square arcminute. This yields a requirement for a so-called gold
sample of several billion faint galaxies.' This requirement, among others, led to the large aperture
of LSST and its large focal plane.

The precision needed in faint galaxy shear measurement calls for special effort in theoretical
modeling of astrophysical systematics,'*!*> as well as hardware and observing techniques for
mitigating the residual shear systematics in the data.'®!” In the end, the data can be no better
than the residual systematics generated in the camera. Dithering of exposures on a sky patch can
help reduce some systematics. Rotating the field can break degeneracies and is a powerful tool.
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Fig. 3 The galaxy shear must be calibrated using the known PSF from stars in the same field of
view. This cartoon shows the process of shear and its calibration. A population of stars in each
exposure is used to define the PSF in that exposure. The shear in this figure is exaggerated for
visualization. The actual cosmic shear is a factor of 100 smaller, and we must calibrate the PSF
ellipticity to a precision 10 times smaller than that. The current generation of shear surveys has not
reached the precision required for LSST, but new techniques hold some promise.'*

Any delivered PSF ellipticity in a field becomes randomized in direction after combining many
exposures, each with a different camera rotation.

From the earliest days of the project over 20 years ago, it was planned to have an instrument
rotator. This is needed due to slow field rotation during exposures because we have an altitude-
azimuth (ALT-AZ) telescope. It is also required for the purpose of mitigating residual PSF elli-
ticity, and an updated design was produced 10 years ago at the official start of construction.'®
Residual shear systematics integrate down over hundreds of exposures in a sky patch. Bright star
diffraction spikes are also eliminated because they rotate over the ~100 visits to a field in each
filter. These measures mitigate against cosmological systematics (bogus galaxies) as well as
time—domain bogus alerts. Figure 4 shows the position of the LSST instrument rotator relative
to the rest of the LSSTCam.

To fully cover the required range of 180 deg (PSF relative to North), the rotator is designed to
cover 90 deg. Combined with the proper observing strategy, this can optimally reduce the

Camera
Camera Envelope Hexapod

[ : |

+ 90 deg rotation

Rotator
Assembly

Fig. 4 The LSSTCam can be rotated 90 deg around its axis. Over thousands of exposures, this
can average down the net PSF ellipticities and thus mitigate the residual shear systematics.
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effects of residual shear for the measurement of cosmological parameters based on weak lens
data."

3 Sensor Design and Requirements

To cover the sky rapidly, the entire focal plane must be read out in a time that is short compared
with the individual exposures. Due to the large telescope aperture, a single 15-s exposure can
reach 24th magnitude. Slewing the telescope to a new sky position takes an average of 5 s, during
which the CCD may be read out. It was decided early that a nominal 2-s readout time would be
ideal. As a result, the LSSTCam focal plane is highly segmented, consisting of 189 4 Kx 4 K
fully depleted back-illuminated silicon CCDs. Several considerations led to a focal plane popu-
lated by relatively small CCDs, each highly segmented.**?' Figure 5 shows the focal plane layout
and a zoom-in to one of the 16-segment CCDs.

Synchronous clock signals are fed to the CCDs, and all 16 segments of the CCD are simul-
taneously read out through their own output amplifier. Note that the eight amplifiers within each
half of the CCD read out in opposite parallel directions from the mid-line up and from the mid-
line down; this will play a role in crosstalk systematics (discussed below).

The resulting 3024 video signals are fed via ribbon cables to an electronics module directly
behind the CCD. The CCDs are grouped in units of 9; thus, we have 21 so-called rafts of 3 x 3
groups of CCDs. Low noise was another consideration that led to small segments: pixel read
rates of less than 1 Mpix per second, combined with a 2-s readout. Typical r band night sky
levels of 1000 electrons per pixel in a 15-s exposure (30 electrons rms sky noise) led to the
requirement of read noise less than ~10 electrons rms which is achievable at 0.5 Mpix per
second. The CCD read noise is then subdominant to the rms sky noise. With these red response,
speed, and noise requirements, each vendor was free to design their own fabrication process
and readout architecture. The architectures of the two CCDs are very different.”” The Imaging
Technology Laboratory (ITL) design is much more effective at eliminating holes captured in
the imaging region. We think this accounts for the difference in persistence, but we are not
certain. Neither vendor has provided clues.

4 CCD Systematics and Lab Testing

A leading systematic error that impacts the LSST weak lensing PSF calibration is due to charge
transport in the silicon. This affects both the ITL and Teledyne-e2v CCDs and is independent
of the readout electronics. The brighter—fatter (BF) effect in CCDs****° due to charge drift,
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Fig. 5 Each of the 189 4 Kx 4 K CCDs is split into 16 segments, each with its own output
amplifier.
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Fig. 6 Laboratory measurements using the f/1.2 LSST beam simulator, addressing PSF calibra-
tion. This plot shows the lab-generated data for effects on PSF ellipticity due to the brighter—fatter
effect (left axis) and the number of stars in the CCD field (right axis) versus their brightness.

diffusion, and space charge spreading in the last few microns of the CCD impacts LSST science.
The detailed sub-pixel shapes of star images®® have been studied using the f/1.2 beam simulator
(discussed below). The BF effect has a PSF ellipticity component due to the charge confinement
of the channel stops: charge from a bright star spreads more easily parallel to the channel stops.
This effect is shown in Fig. 6. The BF effect on star ellipticity (left axis) is shown, whereas the
right axis gives the number of stars per LSST CCD in a typical survey exposure. Brighter stars are
more elliptical. Fainter stars can be confused with compact galaxies and have low S/N. A typical
brightness range of selected PSF stars may result in a net PSF ellipticity of 0.002; this error is an
order of magnitude larger than the goal. The goal is to deduce the PSF appropriate for the faint
galaxies, not the bright stars. Thus, a correction for this BF-induced PSF ellipticity effect must be
made. A facility for projecting a realistic scene of stars and galaxies onto the CCD is useful for
validating such algorithms.

The LSST beam simulator at UC Davis?’ is a wide field nearly 1:1 re-imaging system that
produces the centrally obscured f/1.2 optical beam of the LSST Camera. It can illuminate a
single CCD with realistic astronomical scenes. The input and output port has a wide 60-mm
diameter image field. A mask at the input port is re-imaged onto the CCD. The PSF of the system
is 4 ym, which is 12 times smaller than the typical delivered PSF by the atmosphere. The test
stand (Fig. 7) consists of a large integrating sphere, the optical re-imager assembly, focal plane
shutter, and a single CCD cryostat mounted on a programmable three-axis mechanical stage that
allows for adjustment of the azimuth and polar angles.

These images allowed us to calculate standard electro-optical properties including the gain,
read noise, and dark current. Each property was calculated on a per-segment basis. Due to the
high dimensionality of voltage, timing, and clocking search space, a small fraction of data was
ultimately saved. The decision was based on an examination of test results and observation of
trends. To increase precision, hundreds of repeat runs were taken at these sparse configurations.

There are two cryostats available for installation and testing, one containing an ITL
STA3800 CCD and one containing a Teledyne-e2v CCD250. A fog of incoherent photons exits
the integrating sphere and enters the input port of the re-imager optics. A ray trace diagram of the
re-imager optics is shown in Fig. 8. Optical LSSTCam bandpass filters covering the g, r,i,z,y
bands and photolithographic source masks can be installed independently at the re-imager input
port either to provide flat field illumination or to illuminate the CCD with a realistic astronomical
scene. There is a provision for injecting light in the pupil plane for separate sky illumination,
either a flat spectrum or a custom spectrum derived from a monochromator.

Ribbon cables bring the CCD clocking signals and the video output signals to external dig-
ital and analog electronics. The signal processing electronics use the same custom-designed
REBS circuit board used in the main camera. The data acquisition system interfaces with the
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Fig. 7 Daniel Polin and Adam Snyder are shown in the beam simulator lab. The LSST beam sim-
ulator consists of an integrating sphere (right), optical assembly (middle), and the CCD cryostat

(left) supported by a three-axis mechanical stage. This allows “dithering” of images and automated
focusing.

10-um pixels .
Mask resolution 0.1 um

Fig. 8 LSST beam simulator optics. A 60-mm diameter input and output image field enables the
illumination of an entire CCD with an f/1.2 beam identical to that of LSST.

REBS via an optical transition module. Finally, a version of the Rubin Camera Control System
software was installed on the lab computer. Data from the LSST beam simulator are fully com-
patible with the LSST Science Pipelines developed by Rubin Data Management. This is acces-
sible through a Data Butler®® repository located at the LSST Data Facility (USDF) hosted by the
SLAC National Accelerator Laboratory (SLAC).

4.1 CCD Clocking Optimization

Our exploration of LSST CCD systematics relies on the changes in clocking voltages and tim-
ings. Correlated double sampler ramp and buffer timings are varied. This yielded hints for the
origin of some systematics. It is useful to narrow down the origin of the systematic; does it arise
in the CCD chip or in the REB5 readout electronics? In addition to studies of the effect on images
produced by the CCD, we also replace the CCD with a proxy. By injecting a replica of the CCD
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video output pulse into the REBS, we gain an understanding of the origin of crosstalk and other
systematics. We also adjust the phases of the clocking in a series of experiments. Changing the
parallel transfer clocking scheme from one that uses overlapping parallel clocks (nominal) to one
that uses non-overlapping parallel clocks affects bright star persistence in the Teledyne-e2v CCD.
The overlapping parallel transfer was introduced to increase parallel transfer efficiency and full
well. On the other hand, one single-phase transition between high and low states where three
parallel clocks overlap could cause accumulated charges to become trapped at the interface layer,
creating trailing persistence. Some of these results are briefly mentioned below.

4.2 Crosstalk, Linear, and Non-Linear

With our highly segmented CCD, low-level electronic crosstalk occurs among pairs of sub-chan-
nels. The signal of a bright source object in one segment generates “ghost” objects in the other
segments. The focal plane for the LSST camera has crosstalk that occurs at various locations in
the signal chain: the initial on-chip amplification, on the flex cables that connect the CCD to the
REBS, and within the various components of the REB5.%’ Both linear and non-linear crosstalk
among the 16 video outputs are seen in both ITL and Teledyne-e2v LSST CCDs.

A bright star will have a ghost image in another segment at a position that corresponds to the
instant that the charge enters the output amplifier on the bright star’s segment. Dithering sub-
sequent exposures in either X or Y unfortunately results in the ghost star appearing in the same
relative position, so that co-adding a series of dithered exposures will not mitigate this ghost star.
However, if the field is rotated among exposures, then the crosstalk ghost star moves its relative
position,*” and a median average co-add of many exposures will not contain the crosstalk ghost.
As a given sky patch will be revisited many times at different telescope RA, the field will nat-
urally rotate on the CCD camera over a wide range of angles in 10 years. However, bad seeing on
some visits can be addressed by targeted revisits which will require occasional large camera
rotations. To fully average down the CCD-based galaxy ellipticity systematics, the field should
be rotated by a large angle whenever a field is revisited. This can only be done when the camera is
horizontal, which will not occur frequently. As the current plan is to rotate the camera by large
angles occasionally, this mitigation will not be perfect.

Not all bright objects are fixed at known positions in the sky. A bright streak caused by a
satellite passing through the field of view during integration will act as a source object that can
affect a large area of the focal plane due to crosstalk ghost streaks. To simulate a satellite streak, a
lithographic mask consisting of a 40-ym-wide slit spanning the full CCD was installed and re-
imaged by the LSST beam simulator to form a streak with a full width at half maximum of ~4
pixels. The xyz stage enables positional dithering of the streak. Figure 9 is an example raw image
of the projected streak showing the streak profile and the resulting crosstalk response on the full
4 Kx4 K CCD.

The crosstalk for each segment pair is on the order of 1073 for our setup at UC Davis and is
non-linear with intensity: crosstalk varies by up to 20% over the range of normal illumination.
The linear term in crosstalk for the LSSTCam is about five times lower, due to shorter video
cables. The correction algorithm requires the use of both a linear and a first-order non-linear
crosstalk term to reduce the residuals to below 1 electron per pixel across the full range of source
signal values. These 16 X 16 crosstalk matrices (one for each of the 189 science CCDs in
LSSTCam) must be characterized for each of the 189 science CCDs in the Rubin LSST
Camera. Not all matrix elements are significant. There are typically 2300 significant matrix ele-
ments. To calibrate these on-sky, we will make use of ~10 to 20 relatively bright stars per square
arcminute with a good S/N ratio. About 50 exposures, each with their own 2300 matrix elements,
must be averaged. Multiplying by the number of significant segment-segment crosstalk pairs per
CCD and the sky area per CCD, we have over a million crosstalk matrix elements that must be
calibrated on-sky. This could be achieved in monthly twilight campaigns.

4.3 Bright Image Persistence

LSST exposures will include bright stellar images that exceed the saturation point of the CCD
imagers. Even in fully depleted silicon, under some operating conditions, it is possible for charge
to reach the Si — SiO, interface at the CCD “surface” and become trapped. Subsequent inversion
of the surface can provide holes with which these trapped electrons recombine.’’

J. Astron. Telesc. Instrum. Syst. 011202-8 Jan-Mar 2025 e Vol. 11(1)



Tyson et al.: Science application driven optimization of LSSTCam. ..

—— 105

104

103

Signal (e-)

102

10!

100
Fig. 9 Crosstalk in a LSST Teledyne-e2v CCD. All 16 segments (annotated with white lines and
segment names) are shown. A satellite streak image is projected onto four amplifier segments by
the LSST beam simulator. The induced crosstalk signals in other amplifiers are shown as echoes
in the same pixel location as the central streak in the source amplifier. The intensity stretch is on a
log scale, spanning one electron to saturation.

Spot imaging was performed using an LSST-like cadence. Using the f/1.2 beam simulator,
the residual charge was measured as a function of subsequent exposure number and parallel clock
voltages. Although the ITL CCDs do not show any residual image “persistence,” even after expo-
sure at many times saturation, the Teledyne-e2v CCDs do show this behavior. This is shown in
Fig. 10. A projected spot near saturation in the previous exposure (left) exhibits persistence
(right) in a subsequent 15-s dark exposure. Typical time scales for the decay of this persistence
is tens of seconds. The effect depends on voltages and clock timings. We study this persistence as
a function of parallel clock high/low voltages and clock timing schemes in a high-dimensional
characterization matrix.

The effect was originally discovered by Peter Doherty in e2v LSST prototype CCDs oper-
ating with unipolar clocks.’” He found that the persistence decreased with decreasing parallel
clock-high. In our recent testing using bipolar clocks, we similarly find a decrease in persistence
with decreasing parallel clock-high and clock-low (keeping the swing constant). One interpre-
tation is that this voltage condition lets excessive charges flow along the column direction before
it reaches the surface layer by reducing the full well (or creating a surface full well condition.)

These observations are consistent with the idea of charges being trapped at the Si — SiO,
interface. The initial recommendations for the Teledyne-e2v devices were all parallel rail volt-
ages positive (unipolar; parallel high at +9 V and low at 0 V). To remove flat image distortion
called “tearing,” we brought the voltages down to + 3.3 and —6 V.* By contrast, the ITL voltage
swing is +2 and —8 V. The voltages for two different vendors are close now. However, the
difference is whether the voltage is low enough to establish the pinning condition. This is
probably the key difference in whether the CCD develops a condition called “pinning” where
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Fig. 10 Teledyne-e2v CCD bright image persistence that is caused by charge trapping during both
image integration and readout. Parallel transfer is in the upward direction. LSSTCam Teledyne-e2v
CCDs exhibit a range of persistence; the single Teledyne-e2v CCD in our beam simulator has less
than the average.

the surface layer is filled by holes.?! Such a layer of holes can recombine with the excess charges,
which eliminates the persistence signal.

Residual images of bright stars in subsequent LSST exposures would create bogus faint
galaxies, each with a faint tail in the readout direction. These ghost galaxies will be sheared
in the Y-direction (along the column in the previous CCD exposure). In addition to adding a
cosmic shear bias (and shear noise), these ghost objects will appear in the image-differencing
process used in the alerts pipeline for transient objects. There is no obvious way of mitigating this
in instrument signature removal in data processing. One possible mitigation is at the catalog
level: filter out objects at the positions of bright stars in the previous exposure.

5 Summary

In this paper, we outline some science drivers for the LSSTCam specifications, particularly those
of the CCDs. Laboratory investigations which can lead to an understanding of these effects are as
follows:

o Injection: Artificial video signal injection to narrow down the origin of the systematic;
does it arise in the CCD chip or in the readout electronics?

o Cable length: Which of the linear and non-linear crosstalk components is affected by cable
length? This will give us a hint to separate out the origin of each crosstalk component.

e Opverlapping and non-overlapping parallel clocking: Could parallel clocking have an impact
on the trailing persistence?
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o Lower parallel clock voltage rails: Persistence could be eliminated by a thin population of
holes that would recombine with excess charges.

o Narrower parallel clock voltage swing: This would let charges flow along the column direc-
tion before getting trapped by the interface.

The residual systematics induced by the CCDs may be mitigated by observational or analy-
sis techniques. These include camera rotation and correction for the brighter—fatter effect in data
instrument signature removal. Studies of CCD-based systematic errors that can limit the LSST
science reach are undertaken with a hardware LSST beam simulator at UC Davis.>*** Some
understanding of the parameter space has led to recommendations for optimization of CCD volt-
ages and clocking. These studies are continuing.

Code and Data Availability

Due to the high dimensionality of the optimization search, only a sparse sampling of data was
saved. The images and any derived data products presented in this paper are available through
a Butler repository?® hosted by the LSST Data Facility (USDF). Image processing and scientific
analyses were done using the LSST Science Pipelines (https://github.com/Isst/cp_pipe, https://
github.com/Isst/ip_pipe) developed by Rubin Data Management.®®
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