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Abstract. The ACS CCD Electronics Box Replacement (CEB-R) installed during
SM4 features a Teledyne SIDECAR ASIC that permits optimization of the WFC
via adjustment of CCD clock voltages, bias voltages, and pixel transmission tim-
ing. An on-orbit campaign to optimize the performance of the WFC was undertaken
at the start of the SMOV period. Initial tests with pre-SM4 default voltages and
timing patterns showed that WFC’s performance matches or exceeds its pre-failure
levels, notwithstanding the expected increases in dark current and hot pixels and the
decline in charge-transfer e!ciency due to prolonged exposure to HST’s radiation
environment. One WFC CCD exhibited anomalous behavior when operated with
nondefault settings of its reset drain voltage. Consequently, the optimization cam-
paign was truncated after two iterations, and ACS science operations commenced
with the pre-SM4 default configuration. Several artifacts attributed to the CEB-R
appear in post-SM4 WFC images: large-scale but stable bias gradients, low-level but
temporally variable horizontal stripes, a signal-dependent bias shift, and amplifier
crosstalk. STScI has developed algorithms for the correction or mitigation of these
electronic artifacts as well as for the restoration of images a"ected by continuously
degrading CTE. Standalone correction packages are now or will soon be publicly
available. These packages will be incorporated into the calacs package of the OPUS
data pipeline by September 2011.

1. Introduction

The Advanced Camera for Surveys (ACS) su"ered component failures in its Side 1 and
Side 2 Low Voltage Power Supplies (LVPS) in June 2006 and January 2007, respectively,

1Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218

2NASA’s Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt, MD 20771

3Conceptual Analytics LLC, 8209 Woburn Abbey Rd, Glenn Dale, MD 20769

4Markury Scientific Inc, 518 Oakhampton Street, Thousand Oaks, CA 91361

5Teledyne Scientific & Imaging LLC, 1049 Camino Dos Rios, Thousand Oaks, CA 91360

6European Space Research and Technology Centre, Keplerlaan 1, Postbus 299, 200 AG Noordwijk, The
Netherlands

7Department of Physics and Astronomy, Johns Hopkins University, 3400 North Charles Street, Baltimore,
MD 21218

245



246 Golimowski et al.

Figure 1: Schematic diagram depicted the interfaces between the ACS-R flight hardware
installed during SM4 and the original electrical, thermal, and mechanical elements of ACS.

that afterwards prevented operation of the Wide Field Channel (WFC) and High Resolution
Channel (HRC). Both channels were revived after the Side 1 failure by switching the power
and control to the Side 2 electronics. The subsequent fatal short circuit in the Side 2 LVPS
or Auxiliary Power Box (APB) blew a fuse in the Power Distribution Unit (PDU) and
damaged the hold bus. The Solar Blind Channel (SBC) was una!ected by these failures
and remained available for scientific use throughout this problematic period.

The WFC was restored to operation after the successful installation of the WFC CCD
Electronics Box Replacement (CEB-R) and the Low Voltage Power Supply Replacement
(LVPS-R) during Servicing Mission 4 (SM4). Figure 1 is a schematic diagram of the ACS
repair (ACS-R) configuration. The LVPS-R receives power from the Side 1 PDU via the
Power Intercept Element and then distributes the +5, !15, +15, and +35 V supplies to
the CEB-R and the HRC CEB via the Power Output Element. Unfortunately, additional
damage to the HRC power harness during the Side 2 failure prevented the recovery of the
HRC during the ACS-R mission. Consequently, the HRC remains unavailable for scientific
use.

The CEB-R is equipped with an Application-Specific Integrated Circuit (ASIC) man-
ufactured by Teledyne Scientific & Imaging, LLC, that provides a System for Image Digiti-
zation, Enhancement, Control, and Retrieval (SIDECAR). The SIDECAR ASIC generates
the bias and clock voltages needed to operate the WFC CCDs. It is fully programmable
and its flight assembly code can be modified on-orbit to adjust the CCD voltages if de-
sired. The video signals from WFC’s four output amplifiers can be sensed by an internal
oscilloscope mode and sent directly to the ASIC. The CEB-R is also equipped with a Field
Programmable Gate Array (FPGA) that controls the timing and packaging of 16-bit pixel
data from the CEB-R to the Main Electronics Box (MEB). Figure 2 is a schematic diagram
of the CEB-R and its interfaces with the WFC CCDs and MEB. Together, the SIDECAR
ASIC and the FPGA allow on-orbit optimization of WFC performance through concurrent
and iterative adjustments of the CCDs’ operating voltages and timing patterns.

Although ground tests verified the functionality of the CEB-R with a flight-spare WFC
unit, the intrinsically variable performance of the SITe CCDs manufactured for ACS pre-
cluded a ground-based determination of the optimal voltage and timing settings for the
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Figure 2: Schematic diagram of the CEB-R and its interfaces with the existing WFC CCD
and MEB.

on-orbit WFC CCDs. Ground tests did show that the external preamplifiers attached to
the CCDs display non-ideal, transient settling behavior. This behavior was not tested in
isolation, so its e!ect on the CEB-R’s signal processing circuitry could not be assessed prior
to SM4. Furthermore, ground tests revealed that the read noise depends on the timing of
the data transmission from the CEB-R to the MEB relative to the timing of the pixel inte-
gration and analog-to-digital (A/D) conversion. The CEB-R’s ability to adjust the timing
pattern of the data transmission provides a potential means of noise mitigation that was
not available with the original CEB.

To account for the di!erent characteristics of the ground and flight detectors, and to
achieve the best possible performance of the newly repaired WFC, the ACS instrument
teams at Goddard Space Flight Center (GSFC) and STScI devised an ACS-R Optimiza-
tion Campaign (OC) that would be conducted early in the Servicing Mission Observatory
Verification (SMOV) period. The OC originally comprised seven distinct tests of CCD
performance that were conducted wholly or partially over a maximum of eight iterations
spanning approximately three weeks. The number and order of iterations and the planned
duration of the OC changed as events and scheduling constraints evolved. For reasons
described in §2.2, the OC as executed in May and June 2009 was truncated after two itera-
tions. The rationale and strategy of the OC are described at length in Technical Instrument
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Report (TIR) ACS 2008-03 (Cheng 2008). The detailed implementation of the strategy and
data analysis are described in TIR ACS 2009-01 (Sirianni et al. 2009). A qualitative de-
scription of the scientific impacts of the potential changes in CCD performance observed
during the OC is given in TIR 2008-04 (Gilliland et al. 2008). Finally, the results of the OC
as implemented and executed during SMOV are given in a forthcoming ACS Instrument
Science Report (Golimowski et al. 2010). The TIRs are not readily available outside of
STScI, so the salient topics of each report are reproduced in this paper. Readers interested
in obtaining copies of these TIRs should contact the Help Desk at STScI.

In this paper, we present the results of the WFC performance tests conducted during
the first two iterations of the OC on 28 May 2009 and 3 Jun 2009. We summarize the
characteristics of the WFC in the default mode of operation adopted for Cycles 17 and
18, and we describe the anomalous behavior that forced the early truncation of the OC.
Finally, we discuss electronic artifacts in post-SM4 WFC images that are attributed to the
CEB-R, the potential e!ects of these artifacts on science performed with WFC, and tech-
niques developed at STScI for mitigating the e!ects of these artifacts.

2. The ACS-R Optimization Campaign

2.1. Test Plan and Timeline

The principal goal of the ACS-R Optimization Campaign was to converge upon a configura-
tion of the CEB-R that yields WFC performance that matches or exceeds the performance
achieved with the original CEB. This performance was assessed using the previously sup-
ported A/D gain settings of 1.0 e!/DN and 2.0 e!/DN, and with two types of correlated
double-sampling (CDS) of the video output from the external preamplifiers. The CEB-R
o!ers both the Clamp-and-Sample (C&S) and Dual-Slope Integrator (DSI) types of CDS,
whereas the original CEB o!ered only C&S. DSI generally provides lower read noise than
C&S, so DSI was the presumed default type of CDS for post-SM4 ACS operations.

The metrics by which the WFC performance was judged are read noise, linearity, aver-
age full-well depth, charge transfer e"ciency (CTE), and amplifier cross-talk. Each iteration
of the OC contained a diverse set of bias, dark, and internal flat-field exposures obtained
with di!erent A/D gains, CDS types, and clock rates that collectively formed a general
performance test at the initial voltage and timing settings established for that iteration.
Each iteration also contained a test to verify that the internal ASIC signals were properly
phased with the incoming video signal. The iterations also contained various combinations
of five specific tests (pre-amp settling, serial clock feed-through, bias voltage optimization,
clock voltage optimization, and science data transmission), which were designed to explore
the e!ects of successive and/or simultaneous adjustments of a small number of voltage or
timing settings. Only two iterations contained all five specific tests; the others featured
only one or two of the tests. Figure 3 shows the test plan and timeline as intended for a
maximal 8-iteration OC and the actual STS-125 launch date of 11 May 2009. A detailed
description of the test plan and timeline is given by Golimowski et al. (2010).

2.2. Results of the Optimization Campaign

Iteration 1 of the OC was executed on 28–29 May 2009. All general and specific tests were
performed using the default voltages and timing patterns used at the time of the Side 2
failure in January 2007. The operating temperature of the CCDs was also set to the pre-
failure value of !81" C. Iteration 1 thus provided an extensive set of baseline calibration
images that could be compared directly with images obtained with the original CEB. Table 1
lists the performance characteristics of the WFC as measured in January 2007 and May
2009, and compares them against the predicted post-SM4 performance based on ground tests
of the CEB-R and continued exposure to HST’s radiation environment. Also listed are the
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Figure 3: Structure and timeline of the OC, as intended for the SMOV period after SM4.

values for each characteristic that, if realized, would be problematic for science conducted
with the ACS WFC and that would require special pre- or post-exposure processing to
mitigate their e!ects (Gilliland et al. 2008).

Table 1 shows that the measured post-SM4 performance of the WFC after Iteration 1
matches or exceeds the predicted performance, except in the cases of dark current and
CTE. We attribute these exceptions to ill-constrained projections of radiation e!ects, as
discussed in §3. The significantly lower read noise obtained with the DSI confirmed the
pre-SM4 expectation, and justified the adoption of the DSI as the default CDS mode for all
post-SM4 science exposures. The electronic components of the DSI do, however, produce
artifacts in the WFC bias frames that are not present when using the C&S mode (see §4).
Fortunately, these artifacts are either su"ciently stable or predictable to allow their removal
during routine data reduction and processing.

Figure 4 shows the photon transfer curve (Janesick 2001) obtained for WFC quadrant D
after Iteration 1. The curve shows excellent linearity of response up to the nominal full well
depth of ! 80000 e! and is representative of the performance of all four WFC quadrants.
The average A/D conversion factor among all four quadrants is 2.036 ± 0.082 e!/DN for
the commanded default setting of ATODGAIN=2.0.

Although the general performance tests conducted after Iterations 1 and 2 of the OC
showed that the functionality of the WFC was fully restored by the CEB-R, one of the
specific tests revealed an anomaly that prevented further testing during the OC. In the
bias voltage optimization test (labeled “D” in Figure 3), the reset drain voltage (VOD)
of each CCD was o!set by ±1 V to explore the local minimum read noise and the local
maximum full well depth. Previous ground tests showed that these o!sets lay within the
safe operational range of the flight-spare WFC unit. However, when the on-orbit value of
VOD was o!set by "1 V, one of the CCDs (WFC2) exhibited anomalous behavior analogous
to charge injection. Proper functionality of WFC2 was restored when VOD was reset to its
default value. This behavior had not been seen in earlier tests of flight- or engineering-grade
WFC CCDs, and it was not reproducable in subsequent tests with the flight-spare WFC
unit. Because the default performance of WFC already met the requirements for post-SM4
science operations, the OC was truncated after discovery of the VOD anomaly to avoid any
risk of compromising subsequent WFC science observations.

3. E!ects of Prolonged Radiation Exposure

The dark current, CTE, and number of hot pixels in ACS’s CCDs deteriorate steadily
over time because of continuous exposure to electrons and ions in HST’s trapped radiation
environment. The growth of the hot pixel population has been slowed by annealing the
CCDs monthly to ! 20" C. The anneals restore a significant fraction of new hot pixels to
normal operation, but they do not heal the defects in normal pixels that are responsible
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Table 1: WFC performance summary

Pre-SM4 Post-SM4a Post-SM4
Characteristic (measured) (predicted) Problematica (measured)
Read noise DSI: 3.9–4.7
(e!; ATODGAIN=2.0) C&S: 5.5 DSI: 4.0 10 C&S: 4.4–5.7

Dark current
(e!/pix/hr) 10.7 15 100 20–25

Hot pixels (%) 0.68 1.1 1.5 1.1

Full well depth (e!) 84000 84000 40000 > 80000

Non-linearity (%) < 0.1 < 0.1 0.5 < 0.2

CTE (EPER; 1620 e!) 0.999949 0.999921 0.9999 0.99989

Crosstalk
(50 ke! source) 4 ! 10!5 4 ! 10!5 4 ! 10!4 (5 ± 4) ! 10!5

Bias shift (%)b 0.02 < 0.1 < 0.2 0.02–0.30
(before correction)

aPredicted and problematic values from Gilliland et al. (2008). Dark current and CTE predictions are based
on limited data since the change in operating temperature in July 2006.

bSignal-dependent shift of pixel bias due to changing video o!set in high-pass AC filter. The e!ect can be
corrected by a software algorithm (see §6).
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Figure 4: Photon transfer curve for WFC quadrant D, showing excellent CCD linearity and
a nominal full well depth. The curve typifies the performance of all four quadrants.

for increasing the mean dark current. In an attempt to improve science e!ciency, STScI
decreased the duration of the monthly anneals from 12 hr to 6 hr in late-2004. This change
had the undesired e"ect of increasing the rates of hot pixel and dark current growth. To
counter these trends and to improve CTE, the operating temperature of the WFC CCDs
was lowered from !77! C to !81! C after the switch to ACS’s Side 2 electronics in July
2006 (Sirianni et al. 2006). The combination of lower CCD temperature and 6 hr anneal
periods remained in e"ect until the Side 2 failure in January 2007. After SM4, the CCD
temperature was maintained at !81! C, but the anneal period was restored to its original
12 hr duration.

Table 1 shows that the number of WFC hot pixels measured immediately after SM4
matched exactly the predicted values, despite ACS’s complex anneal and temperature his-
tory. On the other hand, the measured dark current and CTE were significantly worse
than the predicted values. This contradiction suggests that the predictions su"er large un-
certainty because of the changing anneal durations and CCD temperatures, and/or that
HST’s radiation environment has become more intense since the Side 2 failure in January
2007. There is evidence for both conditions. Figure 5 shows the mean dark current of one
WFC CCD measured from SM3B in March 2002 to SM4 in May 2009. Given the relatively
few dark current measurements after the temperature change in July 2006 and the large in-
trinsic scatter of those measurements, the discrepancy between the predicted and measured
post-SM4 dark current is hardly surprising. However, Massey (2010) has recently suggested
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Figure 5: WFC dark as a function of time since the installation of ACS in March 2002
(SM3B). The vertical dashed lines marks the changes in anneal durations and CCD oper-
ating temperatures. The green dot marks the post-SM4 measurement. The thick solid and
dashed lines denote the slopes of the increasing dark current based on the predicted and
measured values, respectively.

that the density of charged particles in HST’s low-Earth orbit may have increased after
the solar cycle reached its maximum in 2007, so the dark-current discrepancy may have an
external physical cause.

The post-SM4 predictions and measurements of CTE also su!er from ambiguity and
uncertainty. Table 1 indicates that the actual post-SM4 CTE, measured via the Extended
Pixel Edge Response test (EPER; Janesick 2001) with a flat-field illumination of 1620 e!, is
worse than both the predicted (0.999921) and problematic (0.9999) values given by Gilliland
et al. (2008). However, the accuracy of the EPER technique depends on several conditions,
including the uniformity of the illumination (which governs the accuracy of the determi-
nation of the intrinsic pixel signal) and the spatial sampling of the deferred charge trail.
Neither of these conditions is ideal for on-orbit testing of WFC, especially as the CTE is
now su"ciently poor that much of the deferred charge extends beyond the 20 rows of virtual
overscan. Fortunately, CTE degradation can also be measured from the relative changes in
deferred charge trails from hot pixels over time. Figure 6 tracks the magnitude and shape
of the trails for hot pixels of varying intensity since 2002. The trends are shown for both
vertical (parallel) and horizontal (serial) charge transfers. The CTE steadily worsened from
December 2002 to June 2006, after which the CCD temperature was lowered to !81" C.
This temperature change e!ectively restored the vertical CTE (the dominant component)
to its December 2004 level. The predicted post-SM4 values (solid black points) are highly
uncertain because they are based on only two measurements obtained in mid- and late-2006.
Nevertheless, the actual post-SM4 measurements of hot pixel trails (open squares and trian-
gles) indicate that both the vertical and horizontal CTE fall in the “good corners” of the 1!
error boxes surrounding their predicted values. Thus, the hot pixel test – which is arguably
more indicative than the EPER technique – shows that the post-SM4 CTE measurements
are completely consistent with the pre-SM4 trends extrapolated forward 2.5 years to May
2009.

Consistency of predictions aside, ACS’s CTE has degraded to a degree that correc-
tive action must be taken to achieve accurate photometric, astrometric, and morphological
analyses of science images. STScI has developed two techniques for correcting systematic
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Figure 6: Evolution of WFC horizontal (serial) and vertical (parallel) CTE as a function
of time in orbit. The plots track the amounts of deferred charge from 1000 e! hot pixels
(ordinates) and the decay profiles of the deferred-charge trails from all hot pixels (abscissae)
at discrete epochs (colored points). The solid black points represent the predicted post-SM4
values extrapolated from the two measurements (July and December 2006) obtained after
the CCD temperature was lowered to !81" C. The open squares and triangles represent the
measured post-SM4 values with and without removal of the horizontal bias stripe artifacts,
respectively (see §4).

errors from poor CTE, one aimed at point-source aperture photometry (Chiaberge et al.
2009) and the other at pixel-based image restoration (Anderson & Bedin 2010; Anderson
2010). Both techniques have been tested against “truth images” obtained shortly after the
installation of ACS in March 2002 (at which time the CCDs had pristine CTE), and they
yield mutually consistent results for signal levels above " 20 e!. Refinement of the pixel-
based CTE correction at lower signal levels is underway. The algorithm will be publicly
released first as a standalone STSDAS package by December 2010 and then as part of the
calacs package in the OPUS data pipeline by September 2011.

4. Post-SM4 Bias and Dark Frames

Figure 7a shows the median of 34 WFC bias frames obtained between monthly anneal
cycles in mid-2009. Besides the familiar blocked columns and discontinuous gains and
biases across the quadrant boundaries, there are two new electronic artifacts imposed by
the CEB-R. The more prominent artifact is a bias gradient across each CCD quadrant that
starts at the nominal bias level near the readout amplifiers (i.e., the corners of the full bias
image in Figure 7a) and rises by " 10 DN at the quadrant boundaries. This gradient is the
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Figure 7: (a; left) Median of 34 individual WFC bias frames obtained with ATODGAIN=2.0
between consecutive monthly anneal cycles in mid-2009. The bias gradient and bias stripes
are artifacts characteristic of the CEB-R. (b; right) Median of 24 individual WFC dark
frames after subtraction of the “superbias” image shown at left.

combined e!ect of (1) a slow drift in the o!set of video output signal caused by the high-
pass filter in the CCD’s external preamplifier, and (2) slightly di!erent gains between the
up and down stages of the DSI caused by imperfectly matched feedback resistors associated
with each stage. The bias gradient is very stable between frames clocked with the same
timing pattern, so it can be removed straightforwardedly through subtraction of a standard
“superbias” reference image. However, the gradient strongly depends on the timing pattern
of the CCD readout, so distinct superbias reference files must be created to calibrate each
of the full-frame and subarray readout modes supported for WFC science observations.

A second artifact of the CEB-R seen in Figure 7a is a low-amplitude (±1 DN) vertical
modulation of the bias level that imposes uniform horizontal stripes over the entire image.
These stripes are caused by 1/f noise in the bias o!set imposed upon the DSI output
signal by the SIDECAR ASIC after each parallel transfer. Although the noise per frame
imposed by the stripes (! ! 0.75 e!) is small compared with the amplifier read noise
(4–5 e!), the constancy of the stripes along each row and the 1/f vertical power spectrum
present a highly correlated structure that may interfere with the analysis of astronomical
images near the noise floor. Because the bias stripes are not constant between successive
frames, they cannot be removed though subtraction of a superbias reference frame. STScI
has developed an algorithm for mitigating the bias stripes that is particularly e!ective for
sparsely filled scenes. This algorithm is now available as a standalone STSDAS task, and
will be incorporated into the calacs package of the OPUS data pipeline in September 2011.
A detailed description of the stripe removal algorithm is presented in this volume by Grogin
et al. (2010).

Figure 7b shows the median of 24 long-exposure (" 1000 s) dark frames obtained
between the same anneal cycles that yielded the superbias image in Figure 7a. The bias
gradient in this “superdark” has been e!ectively removed by subtraction of the superbias
image. The average dark current increases uniformly from the serial register to the opposite
edge of the CCD because of the increasing deferred charge from hot pixels and cosmic ray
events due to degraded vertical CTE. The large-scale horizontal structure in the superdark
is a combination of the residual 1/f noise in the bias o!set and the intrinsic variation in the
CCDs’ dark current. Consequently, the bias stripe removal algorithm of Grogin et al. (2010)
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Figure 8: (a; left) Pre-SM4 WFC image of NGC 4710 obtained with ATODGAIN=2.0.
The galaxy lies in quadrants C and D. The dark crosstalk ghosts in quadrants A and B
are caused by low-signal (! 100–1000 e!) pixels situated along the reddish perimeter of
the galaxy. Other crosstalk ghosts from three largest galaxies in quadrant B are also seen in
quadrant A. (b; right) Post-SM4 WFC image of NGC 6217 obtained with ATODGAIN=2.0.
The images in quadrants B, C, and D are stretched similarly to those in quadrants A and B
in Figure 8(a). No ghosts from low-signal pixels in quadrant C are seen in the other three
quadrants. (Figure from Suchkov et al. 2010.)

cannot be applied to dark frames. Nevertheless, a superdark generated biweekly from 24
individual dark frames has su!ciently small residual stripe noise to accurately calibrate
nearly all ACS science images.

5. Amplifier Crosstalk

Because the four WFC quadrants are read out concurrently, electronic crosstalk between
the output amplifiers can occur. An imaged source in one quadrant may appear as a faint,
mirror-symmetric ghost image in the other quadrants. The ghost image is often negative, so
bright sources in the “o"ending” quadrant will appear as dark depressions on the “victim”
quadrants. Table 1 shows that the post-SM4 crosstalk between all pairs of amplifiers is
consistent with pre-SM4 levels for ATODGAIN=2.0 and o"ending signals of ! 50000 e!.
However, pre-SM4 WFC images exhibited significant crosstalk from o"ending signals of a
few hundred e! (Figure 8a). Similar exposures obtained after SM4 showed no evidence of
this low-level crosstalk at ATODGAIN=2.0 (Figure 8b).

Analysis of hot pixels in long-exposure dark frames obtained with ATODGAIN=1.4
show that the crosstalk is comparable to that measured with ATODGAIN=2.0. On the
other hand, analysis of ATODGAIN=1.0 dark frames shows that crosstalk ghosts from sat-
urated o"ending sources are as much as 15–20 times stronger than their ATODGAIN=2.0
counterparts and more than an order of magnitude stronger than their pre-SM4 ATODGAIN=1.0
counterparts. Consequently, ACS users are advised against using ATODGAIN=1.0 unless
their science goals demand it. Note that STScI only provides calibration reference files for
ATODGAIN=2.0, so ACS users who desire other gain settings must include a calibration
plan as part of their science program.

An algorithm for correcting pixels a"ected by crosstalk has been developed by STScI
and is currently available as a standalone IDL procedure. STScI plans to incorporate
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this algorithm in the calacs package of the standard OPUS data pipeline by September
2011. Users should contact the STScI Help Desk for more information about this crosstalk
correction algorithm.

6. Signal-Dependent Bias Shift

The idiosyncracies of the external preamplifiers and the DSI that cause the bias gradients
described in §4 also conspire to produce small bias shifts that depend on pixel brightness
and that decay over many serial clock cycles. The high-pass AC filter in the preamplifier
causes the video o!set to vary proportionally with pixel signal. If several bright pixels are
successively encountered during read out, then the average video o!set of the AC filter rises;
if several dark pixels are successively read out, then the average video o!set drops. This
changing video o!set is sensed by the DSI, which subtracts the integrated analog reference
signal for each pixel from the integrated analog pixel signal. Because the resistors that
govern the gains of the two integration phases are imperfectly matched, the drift in the
video signal o!set between the two phases is amplified proportionally with the pixel signal.

The resultant e!ect of these electronic idiosyncracies is a pixel-to-pixel bias shift that
is 0.02–0.3% of the average signal from the preceding pixels in the serial clocking sequence.
This range reflects the variation of the e!ect among the four WFC quadrants; the e!ect is
stable within each quadrant. Moreover, the duration of the bias shift depends on the time
constant of the AC filter associated with each quadrant’s preamplifier. For most science
programs, the bias shift has a negligible impact on image photometry or morphology, but
programs that involve high-precision astrometry or high-contrast scenes (e.g., faint nebulae
surrounding bright stars) may be adversely a!ected. Fortunately, the electronic behavior
of the bias shift is well-understood and can be removed during image processing with an
analytical algorithm developed by Markus Loose. Preliminary tests of the uncalibrated
algorithm show that the bias shift is e!ectively removed to within 1 DN for all pixel sig-
nals. STScI will refine the calibration of the bias-shift correction during Cycle 18 and will
incorporate it into calacs and the OPUS data pipeline by September 2011.

7. Summary

The ACS CCD Electronics Box Replacement (CEB-R) installed during Servicing Mission 4
(SM4) has fully restored the functionality of ACS’s Wide Field Channel (WFC). Unfor-
tunately, the High Resolution Channel was not recovered during SM4. The Solar Blind
Channel was not a!ected by the WFC failure and has remained operational throughout
ACS’s on-orbit service.

A campaign to optimize the performance of the WFC under the command of the CEB-R
showed that the WFC’s performance matches or exceeds its pre-failure levels, notwithstand-
ing the expected increases in dark current and hot pixels and the decline in charge transfer
e"ciency (CTE) due to continued exposure to HST’s radiation environment. Because of
an electronic anomaly associated with the WFC2 CCD’s reset drain voltage (VOD), the
optimization campaign was truncated, and WFC has since been operated with the same
voltages and timing patterns used before the failure of the original CEB in January 2007.

Several artifacts attributed to the CEB-R appear in post-SM4 WFC images, but all
can be e!ectively removed or mitigated to enable uncompromised scientific analysis. Bias
gradients of ! 10 DN are present in all four WFC quadrants, but they are stable and
can be removed completely by subtraction of a “superbias” reference image during normal
image processing. Low-amplitude (±1 DN) but temporally variable stripes appear along
the rows of all WFC images. These stripes contribute less than 1 e! to the electronic
noise budget, but their variability and 1/f power spectrum prevents their complete removal
during standard image processing. The local bias level also has a small dependence on the
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average signal from the preceding pixels in the serial clocking sequence. Finally, the amplifier
crosstalk at high signal levels (! 50000 e!) is substantially higher than pre-SM4 levels for
ATODGAIN=1.0, but it is comparable to pre-SM4 levels for the default ATODGAIN=2.0.
At signal levels of a few hundred e!, the significant crosstalk seen in pre-SM4 images is no
longer present in post-SM4 images.

STScI has developed algorithms for the correction or mitigation of the new electronic
artifacts and the restoration of images a!ected by continuously degrading CTE. Standalone
correction packages are now publicly available for bias-stripe mitigation and crosstalk cor-
rection; other standalone packages for bias-shift and pixel-to-pixel CTE correction will be
available by December 2010. All these corrective algorithms will be incorporated into the
calacs package of the OPUS data pipeline by September 2011. Users should contact the
STScI Help Desk for more information about any of this corrective software.
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