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Paul Goudfrooij & Ralph C. Bohlin
June 9, 2006

ABSTRACT

The CTE-related loss for spectrophotometry of point sources with the STIS CCD is
parametrized in terms of dependencies on the signal level of the source spectrum within
the extraction box, the background level, and the signal in the point spread function
located between the standard extraction box and the read-out amplifier. Primary con-
straints on the CTE correction algorithm are provided by estimates of CTE losses using
CCD spectra of spectrophotometric standard stars. For point-source spectra taken at
the standard reference position at the center of the detector, the algorithm corrects CTE
losses as large as 30% to within ∼ 1.5% RMS throughout the wavelength range covered
by the first-order CCD modes. This uncertainty is similar to the Poisson noise associ-
ated with a resolution element of a spectrum with an extracted signal level of about 2500
electrons per pixel. The results described here supersede those reported in an earlier
STIS Instrument Science Report (ISR 2003-03).

Introduction

Since the installation of the Space Telescope Imaging Spectrograph (STIS) on HST in
February 1997, radiation damage to its CCD (which is primarily due to high-energy
protons which are especially abundant when crossing the South Atlantic Anomaly) has
caused a degradation of its Charge Transfer Efficiency (CTE, defined as the fraction
of charge transferred from one pixel to the next during readout). In characterizing the
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effect of the radiation damage to CCD performance it is often more useful to use the
term Charge Transfer Inefficiency (CTI = 1−CTE). The observational effect of CTI
is that an object whose induced charge has to traverse many pixels before being read
out appears to be fainter than the same object observed near the read-out amplifier.
The effect is significant for all CCD detectors used on HST instruments (e.g., WFPC2:
Whitmore, Heyer, & Casertano 1999; STIS: Goudfrooij & Kimble 2003; ACS: Riess &
Mack 2004), and charge losses increase with elapsed on-orbit time.

Several aspects of the characterization of the CTI of the STIS CCD in imaging
mode have been reported by Gilliland, Goudfrooij, & Kimble (1999), Kimble, Goud-
frooij, & Gilliland (2000), and Goudfrooij & Kimble (2003). Recently, the time de-
pendence of the CTI of the STIS CCD during the full period during which STIS was
operational (March 1997 - August 2004) was (re-)determined from a dedicated cali-
bration program involving artificial point-source spectra read out by amplifiers at both
serial registers (Goudfrooij et al. 2006).

The purpose of the current paper is to document the ‘final’1 characterization of the
CTI of the STIS CCD for point-source spectrophotometry in terms of its dependencies
on signal level within the spectrum extraction box as well as the background counts
outside the extraction box. The results described in this paper supersede those reported
in an earlier STIS Instrument Science Report (Bohlin & Goudfrooij 2003, hereafter
BG03). In particular, the CTI correction algorithm described here performs significantly
better than that of BG03 for G750L and G750M spectra at wavelengths >∼ 8000 Å.

Insights on CTI From Monitoring of Flux Standard Star Spectra

Methodology to derive dependence on signal and background levels

To constrain the dependence of spectroscopic CTI on signal and background levels, we
utilize a variety of spectra of spectrophotometric standard stars taken during the last few
years of STIS operations, when CTI effects were most significant. The standard star
spectra used to characterize the CTI effects in this report are listed in Table 1 along with
their measured signal and background levels. All spectra used a 2 arcsec wide slit to ren-
der slit losses negligible. Spectra were calibrated using CALSTIS without applying any
CTI correction, and extracted using traces measured from the spectra themselves (see
Dressel et al. 2006 on the evolution of spectral traces with STIS). CTI values for spec-
tra of DA white dwarf flux standards GD 71 and LDS 749B taken using the G230LB
grating were derived from the ratio of their measured fluxes by those measured from
G230L spectra. The (time-dependent) flux calibration for the G230L mode uses the
NUV-MAMA detector, which does not suffer from CTE loss, is very well established,
and is accurate to subpercent level (Stys, Bohlin, & Goudfrooij 2004). For the G750L
spectra, CTI values were derived by comparing the observed fluxes with pure hydrogen

1At the time of writing, the draft manifest of HST Servicing Mission #4 (which is currently planned
to occur at the end of 2007) contains an activity aimed to restore STIS operations. If successful, further
characterizations of the behavior of CTI may be necessary later.
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Table 1: List of flux standard star spectra used to characterize the CTI effect as function
of signal and background level per exposure. All intensities are in e− per pixel.

Rootname Grating Flux Standard Observing Background Range in
Date level Signal Levels

o6ig10010 G230LB G191 – B2B 2002–04–22 0.4 1000 – 5000
o6ig100d0 G750L G191 – B2B 2002–04–22 0.5 150 – 7900
o6il01020 G230LB LDS 749B 2001–07–13 1.9 100 – 1800
o8u2200b0 G430L AGK+81D266 2003–11–03 0.5 3000 – 9200
o8v101030 G750L WD 1657+343 2004–04–07 2.5 30 – 750
o8v2040e0 G230LB GD 71 2003–10–24 0.3 120 – 730
o8v204030 G230LB GD 71 2003–10–24 0.1 20 – 170

white dwarf models, as detailed in Bohlin, Collins, & Gonnella (1997). The G750L
sensitivity calibration itself was established from flux standard spectra with high sig-
nal levels and early observation dates, so that CTE effects are negligible. The range
of extracted signal levels covered by the spectra used here is ∼ 20 – 10,000 e−/pixel,
which should encompass all spectroscopic observations for which CTI is an issue (this
excludes those with S/N ratios > 100, for which the CTI is negligible; see Figure 2).

In evaluating a suitable functional form to characterize the CTI in spectroscopic
mode, we follow Goudfrooij & Kimble (2003) who showed (i) that the rate of CTI
increase is consistent with being linear with time, (ii) that log (CTI) scales roughly lin-
early with log (signal level) in imaging mode (panels (b) and (d) in Figure 2 of the
current paper shows the same is true for the spectroscopic modes), and (iii) that the
slope of log (CTI) vs. log (background) decreases systematically with increasing source
signal level2, suggesting the following functional form:

CTI ∝ α G−β (γ(t − 2000.6) + 1) exp

(
−δ

[
B

G

]ε)

where t is the observation epoch, B is the background level and G is the gross signal
level. Using the CTI time constant as determined in the spring of 2003 (γ = 0.243 ±
0.042), BG03 derived a best-fit functional form

CTI (B, G, t) = 0.0355 G−0.750 (0.243(t − 2000.6) + 1) exp (−2.97 (B ′/G)0.21) (1)

where B ′ is the sum of the sky B, the dark current, and the spurious charge (Goudfrooij
& Walsh 1997), which are all included in G as well. The values for B and G are readily
obtained from the output of the X1D routine within CALSTIS to extract 1-D spectra
(McGrath, Busko, & Hodge 1999). The background spectrum in X1D is smoothed in
the spatial and dispersion directions prior to subtraction; this smoothed version is the B

2A likely physical explanation of this effect is that the background charge fills fractionally more traps
for small charge packets being clocked through than it does for large charge packets.
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used in Eq. (1). BG03 showed that CTI-induced flux errors as high as ∼ 15-20% at low
signal levels (∼ 100 – 150 e− per 7-pixel extraction) are reduced to <∼ 1.5% by applying
Eq. (1), i.e., an improvement of a factor 10 for the calibration data available at the time.
The BG03 algorithm was implemented in the CALSTIS on-the-fly-recalibration (OTFR)
pipeline by December 16, 2003. BG03 did note, however, that “an additional correction
term might be required to account for the excess scattering in the CCD substrate at the
red end of the wavelength coverage (of the G750L grating)”. Since only high-signal
level G750L spectra of flux standard stars were available at the time, this possibility
could not be explored further. This topic is discussed in detail in the remainder of this
report.

The Impact of the “Red Halo” of the PSF of the STIS CCD

The point spread function (PSF) of the STIS CCD features broad wings at wavelengths
>∼ 8000 Å (e.g., Leitherer & Bohlin 1997), the width of which increases strongly with
increasing wavelength. This “red halo” is believed to be due to scatter within the CCD
mounting substrate, which becomes more pronounced as the silicon transparency in-
creases at long wavelengths. The effects of the red halo are significant, particularly
redward of 9500 Å where the default 7-pixel extraction box captures <∼ 70% of the light
in the PSF (Leitherer & Bohlin 1997).

This extended halo is likely to have a significant effect on the CTI experienced by
the signal within the default 7-pixel extraction box, as the charge induced by the halo
signal that is clocked out before the signal of the source spectrum (i.e., the halo signal on
the side of the read-out amplifier) acts effectively as ‘background’ in filling charge traps.
Indeed, recent testing using the spectra listed in Table 1 has shown that application of
the BG03 algorithm yields systematic residuals at the red end of the wavelength range
covered by the G750L grating. The red halo signal is not included in the background
term of BG03 (B ′ in Eq. 1), since the background spectrum used within CALSTIS/X1D

is measured far away from the spectrum location3. To improve this situation, the CTI
correction algorithm of BG03 is updated as follows. The background term was split up
into two separate terms, B ′ (as before) and a new term H which contains the fraction of
PSF signal above the default 7-pixel extraction box. Values for H as a function of wave-
length are derived from existing CALSTIS reference files (namely from the Photometric
Correction Tables4). These H values are plotted in Figure 1. While H is non-negligible
at any wavelength, the spatial extent of the PSF beyond the default extraction box is only
a few CCD pixels below ∼ 8000 Å. Hence, low values of H do not necessarily lower the
CTI significantly. This issue is accounted for in two ways: (i) by subtracting a certain
minimum threshold value from the measured value of H (i.e., parameter η below), and
(ii) by neglecting the halo term for gratings other than G750L or G750M.

3300 unbinned CCD pixels away by default, as listed in the BK1OFFST and BK2OFFST columns in
the 1-D Extraction Parameters Table Reference File, which is listed in data header keyword XTRACTAB.

4* pct.fits, listed in data header keyword PCTAB.
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Figure 1: Parameter H in Eq. 2: The fraction of the light in the PSF above the default
7-pixel extraction box as a function of wavelength for CCD grating modes. Note the
discontinuity near 3000 Å, at the boundary of the wavelength ranges covered by the
G230LB and G430L gratings. This discontinuity is likely due to the presence of a Lyot
stop in the G430L and G750L modes, whereas the G230LB mode has no Lyot stop (see
also Dressel et al. 2006; Proffitt 2006).

Considering all of the above, the new functional form of the CTI algorithm is

CTI = αG−β (γ(t− 2000.6) + 1) exp


−δ

[
B ′ + εH ′

G

]ζ

 (2)

where H ′ = max(0.0, (H − η))× Net.

(Net = G − 7B, the net counts in the spectrum.) Initial estimates of the values of
parameters α through η and their uncertainties were made using bootstrap tests (except
for the CTI time constant γ, which was fixed at 0.218 as derived recently by Goudfrooij
et al. 2006). A robust fit parameter was then minimized using a non-linear minimization
routine from Numerical Recipes (Press et al. 1992). Best-fit values of the parameters α
through η are listed in Table 2.

The quality of this parametrization of the CTI correction is illustrated in Figure 2,
along with a comparison to the BG03 algorithm. Comparing panels (c) and (e) in partic-
ular clarifies that the new solution yields a significantly better correction for the red end
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Table 2: Best-fit Values of Coefficients in CTI Functional Form (Eq. 2).

Coefficient Value Description

α 0.056 ± 0.001 CTI normalization
β 0.82 ± 0.01 Gross count level dependence
γ 0.218 ± 0.038 Time dependence of CTI
δ 3.00 ± 0.05 Normalization for ‘background’/gross count ratio
ε 1.30 ± 0.10 Multiplicative factor for halo light fraction
ζ 0.18 ± 0.01 Power of ‘background’/gross count ratio
η 0.06 ± 0.01 Minimum value of halo light fraction above spectrum

of G750L spectra, especially for that of the faint white dwarf WD1657+343 (rootname
o8v101030). Application of the new CTI correction also renders the STIS G750L
fluxes of all faint standards used to determine the apparent NICMOS non-linearity
(Bohlin, Riess, & de Jong 2006; de Jong et al. 2006) to be consistent with the rela-
tion of Bohlin et al. (2005), reproduced here in Figure 3. The only spectrum tested for
which the new solution still yields a significant residual is the short (35 s) G750L ob-
servation of the DA0 white dwarf G191 – B2B (rootname o6ig100d0; blue diamonds
in Fig. 2 and lower panel of Fig. 4). However, that spectrum shows a significant flux
error for any CTI model even at the bright, blue end of the G750L wavelength range.
To test the possibility that this ∼ 2% residual might to be due to CTI effects, the CTI
algorithm was applied to two other recent G750L spectra of flux standard stars with
similar signal and background levels. As Figure 4 shows, the CTI algorithm yields a
flux calibration accurate to within 1% RMS for those spectra. Furthermore, the new
CTI algorithm renders the flux error of ∼ 2% to be virtually independent of wavelength
for the problematic exposure of G191 – B2B5 (excluding the red end beyond ∼ 9800 Å),
which again supports the algorithm’s correctness.

Overall, the new CTI parametrization formula yields a correction that is accurate
within 5% for any data point in the spectra tested here, while the RMS accuracy for
all spectra used in this study stays within 1.5% for every grating used with the STIS
CCD. For reference, the dashed lines in panel (e) in Figure 2 represent the Poisson
noise associated with the data points of the binned spectra plotted in panel (a), while the
dotted lines in panel (e) represent the Poisson error associated with a resolution element
(assumed to be 2 pixels along the dispersion) in unbinned spectra of a given signal level.
The new CTI correction formula renders flux calibration to an accuracy better than the
uncertainty due to Poisson noise per resolution element.

Summary

A new functional form for the CTI correction of STIS CCD point-source spectra is de-
rived in a semi-empirical fashion by requiring that the flux level of calibrated spectra

5The problematic spectrum o6ig100d0 is discussed in detail in the Appendix
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Figure 2: Panel (a): Smoothed flux standard star spectra used to determine the func-
tional form of the CTI of the STIS CCD in spectroscopic mode, as listed in Table 1.
Panel (b): CTI at the central row of the CCD vs. gross signal level within the default
7-pixel extraction box. Symbols represent measured CTI values for the spectra shown
in panel (a) using the CTI time constant as determined by BG03 at the time. The smooth
curves represent the predictions of the model by BG03 for those data. Symbol types are
the same as in panel (a). Panel (c): The ratio of measured CTE values and the model
predictions by BG03 vs. gross signal level. Panel (d): Same as panel (b), but using
the CTI time constant and functional form determined in this paper (i.e., Eq. 2). Panel
(e): Same as panel (c), but using the CTI time constant and functional form determined
in this paper. For reference, the dashed lines represent the uncertainty due to Poisson
noise associated with the binned spectra shown in panel (a) as a function of signal level,
while the dotted lines represent the Poisson error associated with a resolution element
(2 pixels along the dispersion) of unbinned spectra.

of flux standard stars remains independent of the exposure time (and observing epoch).
The functional form takes into account dependencies on observing epoch, signal level,
background level, and the charge trap filling effect of the extended halo in the PSF of
the STIS CCD redward of ∼ 8000 Å. After applying this CTI correction formula to ob-
served data, systematic residuals stay within ∼ 1.5% (RMS) throughout the wavelength
range covered by CCD grating modes. The CTI correction described in this report has
been implemented in the CALSTIS/OTFR pipeline as of April 10, 2006, and for off-line
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Figure 3: Illustration of the impact of the new CTI algorithm on the determination
of the NICMOS count-rate-dependent non-linearity from a comparison of NICMOS
count rates with fluxes measured by G750L STIS spectra (see also Bohlin et al. 2005).
Upper panel: Ratio of NICMOS grism fluxes to STIS measurements averaged over
the 0.82 – 0.97 µm overlap range, normalized to the P330E ratio (big open squares) and
least square fit (solid line). There is a non-linearity of a total of 22% over the 4 dex
dynamic range in observed response. Note the small filled squares at the lower left of
this panel: These data were not used for assessing the NICMOS linearity in Bohlin et
al. (2005), because the STIS fluxes seemed to be systematically overcorrected for CTE
loss. (Note that the BG03 CTI correction algorithm was applied to the STIS data at the
time). Lower panel: Same as upper panel, except that the CTI correction algorithm
derived in this report (Eq. 2) was applied to the STIS data. Note that the STIS data of
all faint standard stars are now consistent with the trend.
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Figure 4: The ratio of the CTI-corrected STIS flux in binned G750L spectra of standard
stars to their respective white dwarf stellar atmosphere model (Bohlin 2003). The top
legends in each panel list star name, root name of the STIS spectrum, observing date,
slit name, CCD gain value, and total exposure time (each spectrum was taken using
CR-SPLIT=2 or 3). Rough gross signal levels of the spectra (in e− per exposure) are
indicated above the curves. Note the anomalous result for the G191-B2B spectrum in
the lower panel, which is (therefore) not used to optimize the CTI correction algorithm.
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use within the STIS package in STSDAS v3.5, released on Mar 27, 20066.
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Appendix: The problematic G750L spectrum o6ig100d0

As mentioned above, the short G750L observation of the DA0 white dwarf G191 – B2B
(rootname o6ig100d0) is the only spectrum tested which yields a significant flux
residual after application of the CTI algorithm presented here. This observation consists
of two 35 s subexposures, i.e., a 70 s exposure using CR-SPLIT=2. In this appendix, we
present the results of several tests (in addition to the test depicted in Figure 4) conducted
to find out the reason why the flux could be ∼ 2% low. These tests and their (negative)
results are itemized below.

• We checked for the possibility of a broad PSF during this observation, as occa-
sionally found due to breathing or unusual thermal conditions, e.g. near antisun
pointings. The PSF FWHM was found to be 2.10 pixels at the central wavelength,
which is nominal.

• We checked for the possibility of a significant offset in the dispersion direction,
which might have caused a loss of flux due to the wings of the PSF being cut off
by the 52×2 slit. This was done by measuring the wavelength of the Hα absorp-
tion line in 7 pipeline-processed G750L spectra of G191 – B2B taken with the
52×2 slit, using a Gaussian fit. The measured wavelength of Hα for the problem-
atic spectrum was only 1.1 Å less than the overall average (the standard deviation
among the datasets was 1.8 Å). As the dispersion of the G750L grating is 4.9
Å/pix, this constitutes a spatial offset of less than 0.2 pixel along the dispersion,
which is equivalent to 0.01 arcsec (cf. Bowers & Baum 1998). This cannot have
been the cause of the ∼ 2% flux deficit.

• We checked for the possibility that the cosmic ray rejection step within calstis
could have affected the flux level of the output spectrum. The cosmic ray rejection
algorithm uses the minimum of the subexposures as initial guess in case of CR-
SPLIT=2 exposures (Shaw & Hsu 1998), so that an apparent loss of flux could be
due to one subexposure having systematically lower source signal than the other.
This could in principle be due to, e.g., a shutter timing failure that might have
shortened the effective exposure time of one of the two subexposures. To address
this possibility, we produced 1-d spectral extractions of the two individual subex-
posures (i.e., the two imsets in the o6ig100d0 flt.fits file) and divided one
by the other. The ratio spectrum is shown in Figure 5. Excluding the cosmic ray
hits, the ratio of the flt imsets is unity within the Poisson noise limit, which is
<∼ 1% RMS shortward of 7000 Å.
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Figure 5: The extracted flux ratio of the two individual 35 s subexposures of
o6ig100d0 flt.fits. As the cosmic ray correction step was avoided here, some
obvious cosmic ray hits are still present, masquerading as unresolved spectral lines.

• We compared the extracted flux level of o6ig100d0with that of o6ig100e0, a
G750L spectrum of G191 – B2B taken during the same visit as o6ig100d0, but
using the 52×2E1 pseudo-aperture which is located near CCD row 900 whereas
o6ig100d0was taken using the 52×2 aperture at the CCD center. CCD spectra
taken at the 52×2E1 location undergo ∼ 4 times fewer pixel transfers than those
taken at the CCD center, so that the CTI is roughly 4 times lower at the 52×2E1
location. In particular, the CTI correction is so small for the spectrum at the
52×2E1 location that its uncertainty is negligible in the total flux error budget
for o6ig100e0 (the multiplicative CTI correction for both spectra (calculated
using Eq. 2) is depicted in panel (a) of Figure 6). Hence, o6ig100e0 is a good
reference spectrum for the purpose of this comparison.

A plot of the CTI-corrected flux ratio o6ig100d0/o6ig100e0 is shown in
panel (b) of Figure 6. Fringe correction was not applied here, as we are interested
in the ∼ 2% flux deficit of o6ig100d0 shortward of 7000 Å. Prior to creating the
ratio spectrum, the two spectra were aligned in wavelength space using Gaussian
fits to Hα. The flux ratio in the 5550 – 7000 Å region is 0.995 ± 0.015. While
this illustrates that the new CTI algorithm produces a correction that is consistent
between a standard star spectrum taken at the CCD center and one taken at the E1
location, it still does not explain the ∼ 2% overall flux deficit, which is obviously
present in both spectra.

12



Instrument Science Report STIS 2006-03

Figure 6: Panel (a): A comparison of the CTI correction factors applied to spec-
tra o6ig100d0 (taken at the CCD center) and o6ig100e0 (taken at the E1 po-
sition). The two spectra have the same exposure time. Panel (b): The CTI-
corrected flux ratio of the 52×2 and the 52×2E1 spectra of G191 – B2B, in the sense
o6ig100d0/o61g100e0. No fringe correction was applied to either spectrum. The
CTI-corrected flux ratio is consistent with unity (to within Possion noise limits) in the
5600 – 7000 Å region where the ∼ 2% flux deficit of o6ig100d0 is found.
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