








of 512 wavelengths from 1.08 to 4.8 ym. In the absence of any scattered light, the signal
at the edge of the moon should fall off abruptly. However, as seen in Figure 95,
significant signal exists beyond the lunar limb and terminator. The spectral signature of
the Moon is detectable in the dark sky up to 20 pixels from the limb. Images from three
different wavelengths are presented (1.15, 1.90, and 3.00 ym) indicating no spectral
dependence to the scattered light components. In addition, a faint ghost image of the
Moon is seen offset from the primary image.

Figure 95 - Gaussian-stretched, dark-subtracted images of the Moon (composite RGB:
1.15, 1.90, 3.00 um) showing scattered light around the lunar limb and terminator from
two different observations.

The scattered light effects are quantified in normalized profiles taken both horizontally
and vertically as shown in Figure 96. Here profiles from 2.5, 3.0, and 4.0 ym are plotted
revealing in-field scattered light of 1% at 10 pixels in the horizontal direction and 2% at
10 pixels vertically. Neither shows a spectral dependence.
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Figure 96 - Horizontal (left) and vertical (right) profiles of scattered light off the lunar
limb (see arrows in Figure 95). Scattered light levels of 1% are detected 10 pixels from
the limb in the horizontal direction and of 2% at 10 pixels from the limb in the vertical
direction. The scattered light profiles at all three wavelengths (2.5, 3.0, and 4.0 pm)
behave similarly.

In addition to the scattered light off the limb, the lunar images also include a ghost image
(see Figure 95). This ghost image is a result of out-of-field scattered light, subsequently
traced to a reflection off the beamsplitter (see below). While the ghost is visible in the
lunar images, it is best quantified from star images. For the out-of-field scattered light
calibration, we collected saturated data of the star Canopus on April 28, 2005. A
composite image created from three bands near 2.1 ym (the wavelength with maximum
throughput in the IR system) from a scan of the star is shown in Figure 97. In this
saturated image, the effects of the defocused telescope (star pattern) and a single clear
ghost image (at bottom) are clearly visible. The ghost level is quantified in vertical
profile (Figure 98) from the scan in Figure 97 and a similar scan in the opposite direction.
In the first case, the scan was in the —y direction at a rate of 10 urad (one slit width) per
frame time. This produces a 4% ghost image 36 frames, or 360 prad, after the star. The
second scan was in the + y-direction at a rate of 25 urad (2.5 slit widths) per frame time
producing a 1% ghost 13 frames, or 325 urad, after the star. Since the two scans were
taken at different scan rates, the amount of signal/pixel is different. Correcting for the
difference in scan rates (25 prad/10 prad), increases the 1% ghost by a factor of 2.5,
leading to a ~2.5% ghost at a nominal scan rate of 10 yrad/slit. The ghost image is also
offset horizontally ~1-2 pixels from the star. During the cruise phase of the mission,
various other stars were observed with the HRI-IR spectrometer and showed similar
results to those produced from the Canopus data.
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Figure 97 - Gaussian-stretched, dark-subtracted, composite image of three bands near 2.1
pum from a scan in the —y direction of the star Canopus. As discussed in the text, a ghost
image is clearly detected towards the end of the scan (bottom of image).
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Figure 98 - Vertical profiles across the Canopus scans. (Left: Scan in the +y direction
showing a ghost image at 13 frames (325 urad) after the star image. Right: Scan in the
-y direction showing a ghost image at 36 frames (360 urad) after the star image.) As
described in the text, when corrected for differences in scan rates, the position and
magnitude of the ghost images are very similar.

In addition to HRI-IR spectral data, visible images of Canopus were also collected. In
these data, a ghost of the star is detected 155 pixels vertically below the star. The HRI-
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VIS camera has a resolution of 2 prad/pixel, placing the ghost image 310 urad from the
star position. Horizontally, the ghost is offset 6-12 visible pixels (12-24 urad), very
consistent with the 1-2 pixels offset in the HRI-IR data.

The ground-based out-of-field scattered-light test showed very similar effects. An off-
axis pinhole test was set-up for HRI on August 31, 2002. Here, the set-up consisted of a
tungsten lamp illuminating the field-of-view through three 500 ym pinholes. Over the
course of the experiment, the holes were moved horizontally with respect to the
spectrometer slit in the cross-slit direction -10,000 to +5,000 gm in 500 gm steps. (The
slit was centered at the cross-slit position of -2,750 ym, and thus the actual positions are
-12,750 to +2,250 um relative to the IR slit.) Data were alternately collected with the
HRI-IR and HRI-VIS at each position. Profiles of the HRI-IR response vs. cross-slit
source position for each of the three pinholes were generated. The HRI-IR data were
saturated at the cross-slit positions near the center. The HRI-IR profiles vs. slit position
can therefore only provide qualitative evidence of scattered light.

In addition, any scattered light observed could be due to the ground support equipment
(GSE). However, if the GSE were contributing to the scattered light in the HRI-IR, it
should also produce scattered light in the HRI-VIS. To compare to the HRI-IR data, the
HRI-VIS images were therefore also analyzed. When comparing the HRI-IR and HRI-
VIS profiles vs. cross-slit position, one peak of scattered light is seen in both datasets,
suggesting it is from the GSE. However, a second peak is seen only in the HRI-IR at slit
positions —3500 ym and at -4000 ym with respect to the pinholes, which corresponds to
350 to 400 prad.

The position of the ghost image, now seen at the same location in ground and inflight
measurements is very consistent with models of reflections off the beamsplitter. The
ghost is not seen in HRI-VIS ground-based pinhole measurements because the
transmission of the beam splitter is ~0.999 in the visible and ~0.85 in the infrared. As
discussed above, the ghost image is however seen in inflight HRI-VIS images of highly
saturated stars like Canopus.

Both in-field and out-of-field scattered light have been documented in the HRI-IR
spectrometer. While scattered light in the HRI-IR is not insignificant, automated
corrections have not been added into the pipeline processing. Thus, care must be taken
analysis of the HRI-IR data. Individuals may wish to use deconvolution techniques to
diminish the effects of scattered light. In particular, researchers working on the science
of the inner coma should be very cognizant of scattered light issues.

5.3.10 Blooming/residual

The pixels on the IR FPA are well-separated electrically so that even pixels saturated
with charge up to several times full well were not seen to spill over to neighboring pixels.
This means that once a pixel reaches the ADC saturation level, there is no chance to
reconstruct the total charge in a scene.
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Ground tests designed to examine effects of charge residual showed no detectible residual
in pixels that were saturated in a previous image. However, the results described in
Section 5.3.3 indicate that the results of the residual test should be re-examined in terms
of the overall detector’s zero-level signal. A working hypothesis for the offset shift is that
the total charge in the detector will shift the detector zero-level. This has not been
definitively shown by test, but many saturated pixels may result in a measurable shift.

5.3.11 Radiation noise

IR images present some different problems in detecting cosmic ray (CR) events than are
found in CCD images. The IR images have a much higher level of background noise due
to the large signal produced by the SIM bench emission. In addition, the IR detector has
many badly behaved pixels that produce either far more or far less signal than a typical
pixel when exposed to a uniform illumination field. However, CR events are seen in IR
images, and we have attempted to characterize them so they can be detected and
corrected to some degree.

The most reliable way of detecting CR events in IR images is to difference two IR frames
taken in succession to find the changes, most of which will be due to CRs if they are
above the noise floor. Most IR data sets consist of multiple frames, either from a spatial
scan or from repeated exposures of the same scene, and one can therefore take advantage
of this internal redundancy to isolate CR events.

In an alternative approach, Imgclean was run on two successive calibrated IR frames
(including bad-pixel and flat-field corrections) and the number of charge clusters that
were different between the two runs was determined. Imgclean classified about 2-3
events per cm” per second as CRs, consistent with the rates seen in visible images. Most
of these CR charge clusters consist of only 1-4 pixels (see Figure 99) consistent with the
event rate seen in CCD images. Long CRs were seen less often on IR images than on
visual images (at the same exposure times).
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Figure 99 - The number of clusters detected as CR events per second per square
centimeter vs. the number of pixels for out-of peak activity in a typical calibrated dark IR
frame (1024x512) witht=7.7 s.

The number of charge clusters classified as CRs by imgclean run on a single calibrated
IR image is typically greater by a factor of about 5 than the number of clusters on this
image that are not present on an immediately sequential identical neighboring image.
Most of the clusters deleted by imgclean from a calibrated IR dark image can also be
found in the same locations on other images and are not true CRs. In many cases, they
contain known bad pixels in the detector. Running a “bad-pixel” reclamation routine
prior to imgclean eliminates about half of these false detections.

In our test runs with calibrated IR dark images, only imgclean worked correctly, and then
only after bad-pixel and flat-field correction. Crfind and di_crrej had problems running
to completion with all parameter settings we tried. Rmcr needs a relatively constant
background, which is not necessarily the case for IR frames. These codes may be useful
for removing long cosmic rays if they are present on IR images, but in this case one must
be careful not to remove any long lines that belong to the spectrum or to stars (i.e.,
remove only oblique CRs, but not vertical or horizontal lines). None of the codes have
yet been made to work successfully on non-dark (either calibrated or raw) IR images; the
number of false CRs can exceed the real number by a factor of 100 in runs made to date.
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Work is ongoing to develop CR detection approaches that are generally applicable to IR
images.

5.3.12 Light leaks — Wellnitz to do — Please see the published paper

6.0 Pipeline Processing

6.1 Standard Steps

For each image, there is a standard set of procedures and settings applied in our pipeline
processing in order to calibrate the images automatically (see Figure 100). In general,
these default settings are the best the science team has been able to derive for the data set
as a whole and thus do not necessarily reflect the best possible processing for any
particular image. However, there are some observations around encounter, especially
with the IR spectrometer, that contain very valuable scientific information but are not
processed optimally by the default settings. For these cases, the automated pipeline has
the ability to specify special settings for particular observations.
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Figure 100 - A flowchart describing the image processing pipeline used to calibrate Deep
Impact images. Note that some modules are not applied to all instruments. Input
calibration files, such as the Look up tables for decompression are identified by red text
with the CALIB/ subdirectory (within a data set) included.

The standard pipeline begins by decompressing the image if it was compressed on the
spacecraft. Images can be compressed using one of four 14-bit to 8-bit lookup tables
optimized for different types of exposures. To uncompress the images, a reverse lookup
table is used which maps each 8-bit value to the average of all corresponding 14-bit
values.

All saturated pixels are flagged in the quality map (Section 6.2). Then an IR image is
linearized using the correction described in Section 5.3.1. A VIS image does not need this
step because the instrument responds linearly (Section 4.3.1).
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Next, a dark frame is subtracted from the image. If a dark frame has been created by the
science team for the specific observation, then it is subtracted. Otherwise, a dark model is
used to generate the frame (Sections 4.3.3-VIS, 5.3.3-IR; For a thorough discussion of
dark pattern removal please see the published version of the DI Instrument Calibration

paper).

After the dark subtraction, a VIS image undergoes a few extra processing steps not taken
by every IR image. First, the electrical crosstalk (Section 4.3.7.5) is removed by
subtracting a derived ghost frame. Each quadrant in this frame is a linear combination of
rotated versions of the other three quadrants. Next, the image is divided by a flat field
(Section 4.3.6) in order to account for variable responsivity across the detector. A flat
field is only applied to unbinned IR images because the best binned-mode flat field does
not seem to provide any noticeable improvement in SNR (and in the data products
published as PDS version 1, unbinned IR images are not flat fielded either). Lastly, VIS
CCD transfer smear is removed using the parallel overclock rows if the image was taken
in modes one through six or a column averaging approximation if the image is in modes
seven or eight (Section 4.3.4).

After bad pixels are flagged, the image is radiometrically calibrated to produce a radiance
image in W/[m”sr um] and an I/F image. For a VIS image, this is simply done by
dividing the image by integration time and then multiplying by the appropriate
conversion factor derived in Section 4.3.5 for the given filter and desired output. For an
IR image, the procedure is more complicated as the absolute calibration is wavelength
dependent, which in turn is temperature dependent. First, the wavelength and bandwidth
for each pixel are calculated as described in Section 5.3.4. Then, each pixel is multiplied
by the appropriate wavelength-dependent calibration factor (Section 5.3.6) and divided
by integration time and the pixel’s spectral bandwidth. Once this radiance image is
created, a copy is converted to I/F by dividing by the solar spectrum at the target’s
distance from the sun and then multiplying by pi.

At this point, two reversible data products have been created, one radiance image and one
I/F image, and copies are run through the rest of the pipeline, which performs a series of
non-reversible steps. First, the data are interpolated over the bad pixels and gaps. For a
VIS image, this interpolation is performed using thin plate splines anchored by the valid
data around the edges of each hole. For an IR image, a linear interpolation is performed
in the spatial dimension only.

Next, a despiking routine is applied in order to remove cosmic rays. This routine
performs a sigma filter by calculating the median of each NxN box, where N is odd, and
then replacing the central pixel with the median if it is more than M median deviations
from the median. By default, both M and N are set to 3. The median deviation of a set S
is defined as: Med(| S — Med(S)]).

Lastly, a VIS image is deconvolved using the methods described in Section 4.2.3. This is
especially important for the HRI-VIS instrument which is out of focus.
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6.2 Calibration Quality Map

Along with each calibrated image, a byte map is created that defines the data integrity for
every pixel. For each byte in the map, representing one pixel, each bit acts as a flag that is
set to 1 if the given criterion is met for that pixel. These flags are:

MSB LSB
7 6 5 4 3 2 1 0

Bad Pixel - This pixel is a known bad pixel.

Missing - The datum for this pixel was not received from the spacecraft.
Despiked - This pixel was modified by the despiking routine.

Interpolated - This pixel has been reclaimed by interpolating from its neighbors.
Some Saturated - The raw value for this pixel is above the point where pixels are

partially saturated. For VIS instruments, this occurs at 11,000 DN,
while for the IR spectrometer, this occurs at 8,000 DN.
Most Saturated - This raw value for this pixel is above the point where pixels are
full-well saturated. For VIS instruments, this occurs at 15,000 DN,
while for the IR spectrometer, this occurs at 11,000 DN.
The ADC was saturated for this pixel.
The pixel was in a compression bin so large that the value contains
very little information.

ADC Saturation
Ultra Compressed

For example, if the pixel is bad and has been reclaimed by interpolation, the decimal
value in the quality map will be 2° + 2° = 9. In the normal FITS format for the calibrated
image, this map exists as the first image extension.

6.3 Signal-to-Noise Ratio Map

In order to provide more information to the end user, the last extension of the image
contains a map estimating the signal to noise ratio for each pixel. The signal is taken to be
the dark- and bias-subtracted image value in 14-bit DN, while the noise estimate consists
of the root-sum-squared of three different noise sources: shot noise, read noise and
quantization noise. The shot noise in 14-bit DN is defined as:

N, - /Raw— Bias
‘ K

where K is the gain in electrons/14-bit DN and is dependent on the instrument and mode,
and Raw and Bias are in 14-bit DN. For the IR spectrometer, Bias is 0 by definition
except in Mode 6. The quantization noise is defined as:

0

N
"o
where Q is the quantization step in 14-bit DN. For uncompressed data, Q depends on the
ADC performance of the instrument (see Sec. 4.3.7.3 and Sec. 5.3.8.3), while for
compressed data, Q is set to the bin size in the decompression lookup table that the pixel
used or to the uncompressed Q value, whichever is larger. The parameter values needed
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for the noise calculation were determined from ground-based testing of the instruments
and are shown in Table 20.

Uncompressed
Instrument | K (e/DN,,) Q (DN,) Read Noise (DN,,)
IR Unbinned 16 1 2.0
IR Binned 64 1 1.0
HRI 27.4 2 0.7
MRI 27.2 2 1.0
ITS 30.5 2 1.2

Table 20 - Noise parameters determined in ground tests of all instruments.

6.4 Spectral Registration Maps

In an IR image product, the second and third extensions are pixel-by-pixel maps of the
spectral registration for the image. The second extension contains the effective
wavelength of the pixel, while the third extension contains the spectral bandwidth. The
calculations of these values are described in Section 5.3.4.

6.5 Optional Steps

Beyond the automated calibration pipeline described in Section 6.1, a manual calibration
can be performed where the user can specify his/her own settings and calibration files for
each step. Also, any processing module can be disabled, and there are two extra ones that
can be enabled. The first such module is a noise-reduction module that is applied after the
despiking routine. This applies the BayesShrink wavelet thresholding algorithm®' with a
robust mean noise estimator” to remove some of the noise. The other step that can be
enabled applies a rubber sheet geometric distortion correction. This is not normally
applied as the optical distortion though the telescope is minimal.
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Appendix A — Data Compression Lookup Tables Prior to I-16d (June 18)

The data compression LUTs loaded into memory at the time of launch were the best
estimates of the desired conversions based on pre-launch calibration data. Inflight
measurements of actual instrument performance caused the science team to request
updates to the LUTs. For the VIS cameras, the LUT updates were driven by changes in
the inflight bias levels along with a difference in the number designations between what
was assumed when developing the encounter command sequence and what was actually
assigned in the launch load. For the IR spectrometer, the updates were driven by a
realization that the IR launch LUTs were incorrectly derived and later by a need to match
the LUTs to the higher background level resulting from warmer than expected IR bench
temperatures.

Figures A1l and A2 show the LUTs for the HRIVIS and MRI as loaded at launch. These
LUTs applied until they were updated in flight on May 26, 2005. No inflight changes
were made to the ITS LUTs; the plots in Figure 12 were not changed in

flight.
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Figure A1 — HRIVIS data compression look-up table (LUT) loaded at launch
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Figure A2 - MRI data compression look-up table (LUT) loaded at launch

The IR spectrometer LUTs loaded at launch turned out to be incorrect. They were
derived assuming that, as for the VIS instruments, increasing numbers of photons on the
detector produce increasingly positive signal voltages. In fact, for the IR spectrometer,
increasing photon levels produce increasingly negative signal voltages. Therefore, the
LUTs loaded at launch were inverted, and Figure A3 shows the result. Low DN levels
are converted to high compressed DNs, while high DN levels are compressed to low DN
values.
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Figure A3 — IR spectrometer data compression look-up table (LUT) loaded at launch

On May 26, 2005, a revised set of IR spectrometer LUTs was uplinked to the S/C.
However, the true problem with the launch LUTs was not yet understood correctly at that
time. While it was clear the IR LUTs were not behaving correctly, we mistakenly
thought that the reason was that we were losing the first 2 bits of the encoded data
resulting in signal levels into the compressor being restricted to a range of 0 to 4095 DN.
So LUTs were derived and uplinked that converted 14-bit DNs in the range of O to 4095
into 8-bit DN in the range of 0 to 255. The LUT pattern was repeated 3 more times to
fill in the full 16383 14-bit DN input table. The result is shown in Figure A4.
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Figure A4 - IR spectrometer data compression look-up table (LUT) loaded on May 26,
2005

After finally properly diagnosing the problem, we uploaded a corrected set of LUTs for
encounter on June 18, 2005. These plots are shown in Figure 13.
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