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ABSTRACT

We present the measured Charge Transfer Efficiency (CTE) losses for the Wide Field
Camera 3 (WFC3) UVIS channel throughout the on-orbit lifetime. Using observations of
47 Tuc (NGC 104) and NGC 6791 we analyze the flux loss of stars due to CTE by
comparing relative aperture photometry of a given source at varying distances from the
readout amplifiers in a variety of observing conditions. A photometric correction model that
depends on source flux, observation date, and the source distance from the readout
amplifiers was fit to the data. The resulting coefficients are provided separately for short
and long exposures, low and moderate background levels, as well as whether or not the data
was processed with the pizel-based CTE correction algorithm. We show that in the worst
conditions (short exposure time, with a ~0.1-0.5 e~ background, furthest from the readout),
sources in the faintest flux bin (250-500 e~ in a 3-pizel radius aperture) suffer ~75% flux
loss in July 2020, while the sources in the brightest flux bin (20000-32000 e~ ) show losses
of ~15% in July 2020. In contrast, the same two flux bins in long exposure data with a 12
e~ /pizel background now have CTE losses of ~24% and ~5%. As of June 2020, the
recommended background level for CTE mitigation is now 20 e~ /pizel. When the
pizel-based CTE correction in calwf3 version 3.5.0 is applied to the data we find that the
sources are over-corrected by ~1-10% depending on the signal level in long exposure data
with a 12 e /pizel post-flash in July 2020.
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1 Introduction

Charged coupled devices (CCDs) are ideal for astronomical observations because of their high
quantum efficiencies and nearly linear response over a wide dynamic range. The photoelectric
effect is the fundamental principle behind CCDs, and when a photon enters the doped silicon
chip it creates an electron-hole pair. The electrons are attracted to the strongest positive
potential in the device where they create charge packets, or bundles of electrons. Each packet
resides to one pixel. Charge Transfer Efficiency (CTE) is a measure of how successful the
detector is at transferring a charge packet from one pixel to the next during the readout
process, and is imperfect for CCDs. CTE depends on many scene characteristics such as the
distance (in pixels) from readout, signal level, global and local background levels, and the
amount of sustained radiation damage.

1.1 CTE Degradation and Mitigation

The main factor contributing to the degradation of CTE over time is the damage caused by
energetic particles present in HST’s low-Earth orbital environment (especially while travel-
ing through the South Atlantic Anomaly.) This high energy radiation induces defects in the
detector’s crystal silicon lattice, which causes charge passing through the pixel where the
defect is to be temporarily trapped on its way to the readout amplifier. The charge is re-
leased according to a random process with timescales from microseconds to seconds (Baggett,
Bushouse, et al.|2011). Since UVIS’s row-to-row (serial) transfer time during readout is ~40
milliseconds (Noeske et al. 2012) charge often gets released into upstream pixels (i.e. the
anti-readout direction.) The result is trails of misplaced charge in the image, with the pixels
near the chip gap (i.e. furthest from the amplifiers) being affected the most because these
packets will experience more charge traps, transferring 2000 or more rows to the amplifier.
While all UVIS images suffer from the effects of degraded CTE, there are a few ways to
mitigate the losses.

Minimizing flux loss due to charge transfer inefficiency (CTIE]) starts with crafting an
advantageous observing plan. Flux losses are most severe for faint sources, with a low
background level, far from the readout amplifier. Therefore, designing observations such that
the target falls close to the amplifier, with an adequate SNR, and global/local background
level of at least 12 - 20 e~ /pixel will help mitigate flux loss due to CTE. If the natural
background is not high enough for the amount of mitigation needed, observers should consider
adding a post-flash to the image to raise the background level to the desired amount. Another
mitigation technique involves a pixel-based CTE correction, which is applied to the data
post observation. More information on strategies for mitigating CTE losses can be found in
Anderson (2020a) and Anderson (2020b)).

In 2011, the empirical pixel-based CTE correction software first created for the Advanced
Camera for Surveys (ACS) by Anderson and Bedin (2010) was adapted for WFC3. Applying
this correction helps eliminate CTE trails by restoring charge to its original pixel and thus
improves source shape and position. As of 2016, observers can now retrieve CTE-corrected
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data directly from the Mikulski Archive for Space Telescopes (MASTED. A comparison be-
tween a 2020 CTE-corrected (FLC) image and the non-CTE-corrected (FLT) image can be
seen in Figure(ll This Figure also illustrates how drastically CTE trails change when sources
land near and far from the amplifiers. While, by eye, the FL.C images seem to have solved the
CTE problems, observers relying on precise UVIS photometry may be interested in a more
quantitative analysis. The main resource for UVIS CTE is the WFC3 CTE Websiteﬂ, which
hosts documentation, information about the pixel-based correction software, and coefficients
for the models fit in previous external CTE studies.

1.2 The External CTE Monitoring Program

One method to measure CTE losses utilizes external exposures of star clusters (as opposed
to internal exposures such as darks or biases.) Observations are obtained in pairs, using a
vertical one-chip dither (~2051 pixels), such that a given star that falls close to the amplifier
on one chip will then appear far from the amplifier on the other chip in the subsequent
exposure (see Figure . By comparing the two fluxes, it is possible to estimate the flux
loss due to CTE. The external CTE monitor has been a UVIS calibration program executed
approximately twice a year since 2009 (Cycle 17). Since Cycle 18, both the open cluster
NGC 6791, and globular cluster 47 Tuc, have been observed not only to track the decline
in CTE over time but also to determine whether source density significantly impacts CTE.
Because NGC 6791 is less crowded, it provides a more straightforward evaluation of CTE
losses, since there is less concern about stars shielding one another and perhaps affecting
the CTE losses. However, with a lower density of stars in the field, there are fewer stars
to sample the flux ratios, which increases the uncertainty of the CTE measurement. The
denser field in 47 Tuc (which is offset from the cluster’s core) provides hundreds of stars at a
variety of flux levels, thus providing a more statistically robust measurement of CTE losses.

1.3 Previous Results

The first external CTE report for UVIS was published by Kozhurina-Platais, Gilliland, and
Baggett (2011) and used a slightly modified technique to measure CTE. Long exposures were
not separated from short exposures and instead they were directly compared to each other.
Additionally, a larger aperture radius of 5 pixels was used, which has since been replaced
by a 3 pixel radius aperture. They measured CTE by comparing a given source at both
exposure lengths (as the varied exposure time sampled different flux levels on the detector)
as well as varying distances from the readout. Using 60 and 400 second exposures of NGC
6791 in the F502N filter, their results showed that in the “worst case” i.e. a faint 500-2000
e~ source, with a ~0.1-0.5 e~ sky background, experienced a 7% flux loss in Fall of 2010
(which was ~1 year after launch.)

The next external CTE analysis using observations of both NGC 6791 and 47 Tuc was
carried out by Noeske et al. (2012). They found that sources with a flux of 1000 e~, furthest
from the amplifiers with a short exposure time (30 & 60 seconds) and a ~0.1-0.5 e~ sky
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