Further Tests of Subpixel Event Repositioning for Chandra/ACIS Imaging Data
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Background

Chandra X-ray Observatory (CXO) is delivering X-ray imaging at
unprecedented spatial resolution. The use of the Advanced CCD Imaging
Spectrometer (ACIS) offers the opportunity to take full advantage of the
capability, via sub-pixel event repositioning (SER) algorithms. When an X-
ray photon is absorbed by a CCD, it will generate a certain number of
electrons, proportional to its energy. The initial charge cloud size is about
10 to 100 nm, depending on photon’s energy (figure 1). The charge cloud
has to drift towards the buried channel in order to be collected. The cloud
expands radially, depending on the diffusion time and where the photon
was absorbed. So the charge cloud at the buried channel can be well
approximated by a 2-D axisymmetric Gaussian shape, and the size (o) is
about 1 to 2 um (Tsunemi et al. 1999), depending on photon energy and the
CCD operation conditions.
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The Potential for Sub-pixel Resolution

*Photon counting mode is used for ACIS CCDs, in which it is implicitly
assumed that at most one photon is collected in a 3x3 pixel island in one frame.

*Photon impact location and event grade are recorded into the event list.

*Chandra’s intentional dither motion moves the target across CCD surface,
forcing photons even from a point source to land at different CCD subpixel

positions, and forming all kinds of event charge distributions (grades). Tsunemi et al. 1939).

*The charge cloud shape can be well estimated by axisymmetric Gaussian

function, with ¢ about (||) 1.4 um and (L) 0.7 um (fig.2, Tsunemi et al. 1999).

Fig. 2 (above): Charge cloud size (from

Fig. 3 (below, courtesy of Junko Hiraga):
X-ray event and photon impact position.

*The charge cloud size is relatively small compared to ACIS pixel. For split |

events, photon impact positions are near the split boundaries instead of pixel
centers (fig. 3), making SER technique possible.

Sub-Pixel Event Repositioning Algorithm j‘ ‘ |

Remove randomization of the level 1 event list file.

| e

Classify 13 “viable” event grades into 3 groups: Single pixel events, 2-pixel

split events and Corner split events (3 or 4 pixel split events). Assign the new | ‘ ‘ .
photon impact locations according to event grades (see ﬁg. 4). - Landing position & uncertainty
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*In the chip coordinate, shift photon impact positions (PIPs) to the new
locations, according to the event grade groups. For corner split events, shift PIPs

to split corners; for 2-pixel split events, shift PIPs towards split boundaries, 0.366 pixel away from the pixel centers; for
single pixel events, keep the PIPs unchanged.

*Project the new positions back to SKY coordinates, according to spacecraft roll angle and the CCD orientation.
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e Fig. 5: Corner events of a point source ([RA 05:35:15.8,
: | dec -05:23:14.53]) in BI Orion Nebula Cluster (ONC).
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RIGHT: After applying event repositioning.

Intuitively, the resolution improvement after applying the algorithm is a function with three main parameters: (i) split
event percentage, (ii) source off-axis angle, and (iii) total source photon counts. The algorithm working regime was
constrained by those 3 parameters. From back-illuminated (BI) (Schultz et al. 2001) and front-illuminated (FT)
(Feigelson et al. 2002) ONC data, 21 and 62 point-like sources were extracted (for BI and FI data, respectively)
according to source intensity. A qualitative tendency of the three parameters can be seen from the figure 6 and 7.

Front-illuminated ACIS CCDs have different physical properties from BI ones, such as quantum efficiency, depletion

depth, field free region, etc. One important difference is that photons don’t need to penetrate the dead layers (such as gate

structure, channel stops) to be detected for BI devices. In addition, because of the differences in the depth of depletion

zone, photons with the same energy will have different charge cloud sizes in Bl and FI devices, and, hence, Il events have

different branching ratios than Bl events (see table 1).

CCD Corner events 2-pix split events Total split events Table 1 (left): The branching
BI 20.8-38.8% 38.4-503% 69.6-83.8% ratio differences between Bl
and FI ONC sources.
FI 0.7-8.7% 7.7-20.0% 8.4-28.6%
IMPR = \[FWHM ., - FwEM ., #wiM ., Was used to define the spatial resolution improvement before and after applying the SER

algorithm, where we assume the sources are point-like, and the shapes can be well estimated by Gaussian function.
FWHMs are calculated from the fitted Gaussian functions, before and after applying the SER algorithm. For BI data, the

degree of improvement is 60% for on-axis sources, and 30% for 150" off-axis sources, while for FI data, the improvement

is 35% and 25% for on-axis sources and 150 ” off-axis sources, respectively.
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Fig. 6: Improvement vs. the three factors on BI ONC ACIS data. Colored diamonds indicate data points; red plus signs
on circles indicate mean value of the local points. Red solid line stand for least-square polynomial fitted curve from the

real data. Color bars indicate total source counts (log scale) in left panel, off-axis angle (arcsec) in middle and right
panels.
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Fig. 7: Improvement vs. the three factors on FI ACIS ONC data. Symbols and color bars as in fig. 6.

The plots of improvement versus off-axis angle, split event percentage, and total event counts are shown in figure 6 and
7. One can see the tendency of the improvement versus the three parameters. Both Bl and FI data show that the
improvement goes down quickly when off-axis angle is larger, because at large off-axis angle, telescope PSF dominates
the errors. However, the tendency of the improvement versus split event percentage and total source counts are vague,
for both BI and FI data. The reasons to explain the uncertain dependence of improvement on the other two factors
might be: 15, because 2-pixel split events only improve PIPs in one direction, sources with high split event percentage
could have a relatively smaller proportion of corner events; 2™, some sources cannot be sufficiently evaluated by

Gaussian functions, and produce non-negligible regression errors; 3", improvement is in fact independent of total
source counts.

Further Modification
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= Fig. 8 (left): The simulation results of the differences between actual PIPs and

ACIS assumed PIPs for different SER techniques. The simulated energy is silicon

22 | Ko (1.74 keV) on BI CCD model. All 13 event grades are displayed. UL panel:
1 Original PIP differences--the PIPs are uniformly distributed within a pixel. UR

. 50 panel: PIP differences after Tsenumi et al. (2001) model--only corner events
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spatial resolution for Chandra/ACIS imaging using energy-dependent SER. The
authors are currently investigating this technique (Li et al. 2003). Detailed
information and application package will be available at http://www.cis.rit.edu/~jx17626/ser.html

Application: A Planetary Nebula and a QSO Jet

Fig. 9. LEFT: CXO X-ray image of NGC 6543,
obtained by binning raw level 1 events (left
panel), events after removing position
randomization (central panel), and events after
removing randomization and applying SER
(right panel). The FWHMs of the central point
source are 1".12 and 0".80 in left and right panel,
respectively. I'he images here are presented in a
log scale, with the bars representing the
zm creyscale mapping to log
intensity. (Kastner et al. 2002)
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MIDDLE: The algorithm applied on
quasar 3C 273 jet. The images were

displayed at 0".125 /pixel (Marshall et
al. 2001). Contour levels are 5, 10, 20,

40, 60, 80% of panel maximum value.

UL: raw Chandra image obtained from rondormization + avent b
raw level 1 events before removing |
position randomization.

UR: after removing randomization but
before SER correction.

LL: after applying SER correction.

LR: MAP deconvolution of the LL panel.

RIGHT: QSO jet 3C273, optical image (left, Marshall et al. 2001) and SER-processed, MAP deconvolved X-ray image
(right). The color bar is relative intensity.
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