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Testing SPI imaging of high-energy and extended sources
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Abstract. INTEGRAL's main instruments employ coded apertures to obtain directional information on the incoming radiation.
In order to experimentally better determine the imaging capabilities of the spectrometer SPI, the SP1Imaging Test Setup (SPITS
has been built at MPE. It consists of the SPI coded mask and two SPI-identical Ge detectok$Yotahte which allows us to
move them to cover the 19 Ge detector positions. The SPI flight model imaging calibration only covered the energy range up tc
2.7 MeV and did not include extended emission. SPITS was used to explore the performance of such a coded aperture syste
— combined with the SPI image analysis software — for higher-energy point sources and extended sources. We find that a 2.4
diameter disk emitting 511 keV emission is reconstructed well. For the high signal-to-noise ratios of laboratory measurements
positions of point sources above 4 MeV could be reconstructed to better than 0.1
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1. Introduction at the Institut €ir Strahlenphysik (Univ. Stuttgart, Germany

) ) and measurements with an extended 511 keV source.
The INTEGRAL spectrometer SPI is designed to measure

20 keV-8 MeV photons with an energy resolution of 2.3 keV )
at 1.3 MeV using 19 high-purity Ge detectors. A tungste?- The SPI Imaging Test Setup

alloy coded aperture provides spatial information with an athe sp Imaging Test Setup (SPITS) consists of two SPI
gular resolution 0f~2.5° and a 18 fully-coded field-of-view detectors and a SPI-equivalent coded aperture. The Ge d¢
(Vedrenne et al. 2003). ) ) tors are taken from the SPI satellite manufacturing line a

Coded apertures, although well established in the X-ray dapunted in an Al cryostat. For cost reasons, SPITS has ¢
main (see e.g. Badiali et al. 1985 and references therein), ar€e getectors. The 19-Ge detector camera of SPI is emul:
used by INTEGRAL's instruments for the first time on a SPag8, mounting the Ge detectors on Xiv-table. The 19 Ge posi-
platform up to 10 MeV. Studies of the imaging capabilities qfons are coveredin 11 consecutive measurements. This me
SPI were performed using GEANT and other simulation t00fg,cessitates constant source activity over the 11 consect
(Connell etal. 1998; Strong et al. 1998; Skinner et al. 1997) easurements. Where this condition is not met, measuren

The spectrometer has been calibrated in spring 2001 at fides have to be corrected a posteriori based on monitor dat
accelerator facility of the CEA at Breyes-le-Chtel, France a known source decay rate. The SPITS coded mask is buil
(Schanne et al. 2002; Adiet al. 2003). These measurementse basis of a SPI mask development model made availabls
were subject to strict time constraints. Thus some aspectst University of Valencia. All mask materials are identical |
SPI performance could not be addressed, among them SPlk@se of the SPI mask. The development model was exten
sponse to extended sources and ithaging performance of tg the full SPI mask code and mounted in an Al frame.
the instrument above 3 MeV. SPI imaging above a few MeV is  The test setup has some restrictions, primarily due to
also dificult to test in flight due to low celestial source fluxesack of 17 detectors during any one measurement. With SP|
at these energies (see Roques et al. 2003). the SPI “multiple events (ME)” cannot be used — only phot

To complement the SPI calibration data from Beugs- peak interactions imneGe detector are used for image anal,
le-Chétel, the SPI Imaging Test Setup (SPITS) was built ais. Figures 1 and 2 show pictures of the SPITS mask and
the Max-Planck-Institutdi” extraterrestrische Physik (MPE).detector assemblies. A more detailed description of the se
SPITS measurements include imaging data up to 9 MeV takean be found in Wunderer et al. (2001).
In general, all SPITS measurements have comparativ
Send gprint requests toC. B. Wunderer, low (laboratory) background and high count levels, resu
e-mail:wunderer@ssl.berkeley.edu ing in much higher 8\-ratios than are expect&gen from
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Fig. 1. The SPITS mask with its Al mount- Fig. 2. The SPITS Ge detectors, mounted Fig. 3. The Pb disk used as source of ex-
ing frame. with their liquid N, dewar on theXY-table. tended emission, shown witfY source
and mounting device.

celestialy-ray sources. Reconstructed source significances odifferent mass model. The SPI IRF generation tools could
the point sources discussed here-at®0- and more. not be used since they assumed parallel-beam sources anc
SPITS measurements were performed with sources at 9 m.
. . . SPITS IRFs were generated instead using a ray-tracing method

3. Imaging algorithms and the SPITS instrument only (CAPTIF, Connell et al. 1995). The resulting SPITS IRFs
response functions agree fairly well with measured data once a correction factor

Since coded aperture instruments do not produce a “convénapplied to account for the actual Ge photopegiciencies.
tional” image of the source, but instead record the source di{pwever, since CAPTIF could not accomodate a full SPITS
tribution information convolved with the mask function, a demass model and the presence of 19 detectors had to be as:
convolution of the data is needed to recover the spatial souf¢éned, the accuracy of SPITS IRFs is necessarily somewhat
distribution. Combining data from several pointings of the in€ss than that of SPI IRFs. Therefore, the performance param-
strument close to the source (region) of interest — a strategfgrs obtained here with the Test Setup and its IRFs have to
calleddithering— usually allows a more unambiguous sourcee considered lower limits for SPI (and SPI IRF) performance
reconstruction especially in the case offidse emission or under the same circumstances.
crowded fields. For SPI standard analysis, two image recon-
struction algorithms have been developed.
Image entropy is a measure for structure in the image. By Imaging of point sources above 3 MeV
maximizing this entropyspiskymaxsearches for the image
with the least deviations from a prior-knowledge distributiodVhile SPI is designed to image celestial sources up to 8 MeV,
(e.g. aflatimage) that is consistent with the available data. Withvas calibrated on ground with its mask in place only up to
increasing number of iterationspiskymaxeconstructions get 2.7 MeV. At higher energies, precedence was given to a uni-
“spikier”, and thus especially for extended emission the stofrm energy andféciency calibration of the Ge detectors over
ping criterion is an issue. See Strong et al. (2003) for details ariest of the imaging performance; for this, the mask was re-
spiskymax moved. Thus, no imaging measurements exist with SP1 above
spiros(SPI Iterative Removal Of Sources) in its basic forrd-7 MeV. To fill this gap, SPITS imaged proton-capture tar-
is primarily geared towards point sources. A rough sky imagéts £°C,*°F, and'N) at the IfS Stuttgart emitting gamma-ray
is generated by cross-correlation. The strongest point sourcéngs up to 9 MeV (Wunderer 2003).
located and subtracted in dataspace. This process is repeateliVe imaged these “sources” usisgiskymaxandspiros In
until all significant sources are found (Skinner et al. 2003). addition to imaging one target, we combined the data from two
In order to reconstruct source images with either algorithmlservations to generate datasets of “two-target observations”.
the instrument response (expected rates in all 19 Ge detect®ts}¥ allowed us to test the capability of SPITS and the imaging
to incoming radiation of a given energy has to be known fatgorithm used to separate and correctly locate two close point
all possible incident directions. This is stored in Instrumesburces of equal intensity. Since absolute target flux calibra-
Response Functions (IRFs). For SPI, these IRFs are obtaitieds are dificult and there is no independent way to determine
with MGEANT from a combination of full Monte Carlo simu-the necessary correction factors for the SPITS IRFs, we limit
lations and ray-tracing using a complex mass model (Sturrmrrselves to the discussion of source positioning for the accel-
et al. 2003). For SPITS, fierent IRFs were needed due terator targets.
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3Ctargetinthe 8.1 MeV lineat *Ctarget in the 8.1 MeV line at - ) ; - . }
0.0° (spiskymay. 2.9 (spirog. C targets in the 8.1 MeV line *°C targets in the 8.1 MeV line
at0.0 and 1.0 at1.r and 2.9

2-0.5

400

9F target in the 6.1 MeV line at  °F target in the 6.9 MeV line at

0.5

in the 6.1 MeV line '°F targets in the 6.1 MeV line

1.1 (spiskymay. 1.1 (spiskymay. at0.0' and 1.0 at1.T and 2.9
Fig. 4. Reconstructions of accelerator targets wipiskymaxand  Fig. 5. spiskymaxeconstructions of two targets; photon energies a
spiros Photon energies and aspect angles vary. separation angles vary. Source separation is clearer fétfiban for

the 13C target. This is at least in part due to more photons meast
from the'°F target.

5. Imaging of extended emission

Figure 4 shows reconstructions of accelerator targets at dif- . ) .
ferent photon energies andf-axis angles from SPITS using 0 t€st SPITS’Bcapablllty to image extended emission, |
both spiskymavandspirosalgorithms. Single targets were lo-P1aced a stron§®Y source behind a lead disk (Fig. 3). In thi
calized well with thespiskymavalgorithm in all cases; the lo- diSk, 1.8 MeV photons from the source interact; some prodt
cation accuracy is 0°1or better. Reconstructions wiipiros  €l€ctron-positron pairs. The positrons in turn annihilate, a
were problematic in many instances; these coincide with mé @ result, the whole disk “glows” in 511 keV photons.
surements taken during periods of unstable accelerator perfgfUrse; 511 keV emission from the center of the disk is stron
mance. The most likely explanation for this is that the fluff@n from the disk edge. At 9 m from the detectors, the di
corrections applied to the 11 SPITS positions composing ofigPears 2:4across. An 8 MBg source was used; it produc
SPITS “observation” are not good enough for these periogs 900 Phgs from the disk or 520 511 keV photons incider

of unstable accelerator operations, resulting — in a sense -2fhone (non-shaded) Ge detector in a one-hour measuren
different source fluxes seen byffdrent Ge detectors. In this” more detailed description of the lead disk and the determi

case the IRFs would not reflect the true instrument respori@¥ Of its 511 keV emissivity can be found in Wunderer (200%
(as would happen for an instrument like SPI if the 19 detectbldure 6 shows the 511 keV emission from the disk predict
efficiencies were poorly known, for example). Thus the resuffy an analytical calculation based on first interactions of {
suggest that Maximum Entropy can be more robust than poiht® MeV photons only.

source fitting where the response is not well understood. Dithering, as mentioned above, is especially important |
observations of extended emission. But even without ditheri

_Even given these imperfections, wo close sources in g yithspiskymaxan discriminate extended and point sour!
field can be separated and localized “correctly” (i.e. to bettghission given a strong signal and low background. Figure

than 0.2) by the spiskymaxalgorithm for source separationsynq g show reconstructed images of our extended source 3
above 1. For separations of 0:5generally the two sources are5q 1 key point source of equal flu¥Na).

not resolved. This is similar to the SPITS findings for lower-
energy point sources. Figure 5 shoggiskymaxreconstruc-
tions of two-target observations forftirent separation angle
and photon energies.

In order to emulate a 5-point dither pattern with pointing
separated by?? all available measurements at five Pb disk p
Ssitions were combined. The measurement durations had tc
corrected for thé®Y decay, and an analysis of the resultin

For normal in-flight conditions, SPI's source location adglataset in the 1836 keV line 8fY was used to confirm that
curacy can be better than 0.fbr strong sources at low ener-this had been done correctly.
gies (Bouchet et al. 2003), but is more typicallyfor weaker Figure 9 shows the results spiskymaxeconstruction of
sources and at higher energies (A&t al. 2003). the extended source from dithered observations fieint
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of calculated and reconstructed emission shows that the 15 and
20 iteration images best reflect the “true” distribution.

A similar behavior was observed when a simulated dithered
observation of such an extended source was deconvolved with
spiskymaxWhile for the determination of overall flux levels
the number of iterations used is not too crucial, the recon-
structed shape of the distribution depends on it. For the SPITS
low background case, we found that the evolution of the re-
constructed source flux and its significance help to determine a
Fig.6. Predicted emission from the extended 511 keV sourcElOPPINg criterion fosmskymzp(Wunderer _2003)' )
(Diameter: 2.4) The 511 keV flux predicted from first interactions of
1.8 MeV photons only in the Pb disk is%x 102 phy(cn?s)
while the reconstructed flux is50% higher. In contrast, point
source fluxes (from laboratory sources below 2 MeV) have al-
ways been reconstructed a few percent below the true flux.
The deficiency in calculated flux from the extended source is
likely due to a combination of (1) only the first interaction
of a 1.8 MeV photon being considered relevant in the calcu-
lation, while a once Compton-scattered photon with remain-
ing energy of, say, 1.6 MeV can still pair-produce in the Pb
(add ~6%); (2) so far, the 2.7 MeV line fror®Y (emitted

Fig. 7. spiskymaxreconstruction Fig. 8. spiskymaxreconstruction \yih 0794 probability) has been neglected. Its contribution be-
of a ?°Na point source in the of the 511 keV extended source

511 keV line from a non-dithered from a non-dithered observation.corrles non-negligible in this context due to the higher pair

. . e5%)- . A
observation. Total 511 keV flux is Total 511 keV flux is equal to that produ_ctlon cross section (a . %); (3) pair productlon_ln
equal to that from the extendedfrom the point source in Fig. 7. teractions of source photons in the concrete wall behind the

source in Fig. 8. lead; and (4) 0.2% ofY decays ares* decays resulting in
511 keV photons (this contributes anothet1% to the ob-
serveable 511 keV flux). Together, thesteets enhance the
511 keV flux from the region of the lead disk by roughly 20%
— not accounting for pair production in the surrounding mate-
rial which is not easily quantified —, enough to make the ob-
served (0010+ 0.001) phi(cn?s) seem reasonable within the
error margin.

6. Conclusions

With the SPI Imaging Test Setup, a single high-energy point
source measured at high signal-to-background ratios can be lo-
calized to 0.1 or better. Two such high-energy sources are reli-
ably distinguished and localized by tepiskymavalgorithm if

they are separated by br more. Usingspiskymayand dither-

ing, a 2.4-diameter extended 511 keV source could be cor-
rectly imaged and its flux was reconstructed correctly within er-
ror margins. These SPITS results complementthe lower-energy

point source imaging tests performed with SPI during ground
20 iterations 25 iterations calibrations.

Fig. 9. spiskymaxeconstruction of the 511 keV extended source from _
dithered observations. Bérent iteration stages are shown. AcknowledgementsiVe gratefully acknowledge the help received at

the IfS in Stuttgart from both the IfS team and people from MPE,
especially A. Zoglauer. In addition, we wish to thank G. Vedrenne
numbers of iterations. The source is clearly visible in the iff€ESR Toulouse) and F. Sanchez (U. Valencia) for making hardware
ages after 10 and 15 iterations. Its intensity, however, is stilfailable to SPITS.
very much lower in the 10-iteration image than in the 15-
iteration image. Here, the flux begins to reach “final” recon-
structed levels. Starting at iteration 20 — and very much so/ 3¢ €rences
iteration 25 and higher — thepiskymaxeconstructed image Attie, D., Cordier, B., Gros, M., et al. 2003, A&A, 411, L71
acquires more structure (“spikyness”) than the original sourBadiali, M., Cardini, D., Emanuele, A., et al. 1985, A&A, 151, 259
distribution would merit. A (non-normalized)> comparison Bouchet, L., Jourdain, E., Roques, J.-P., et al. 2003, A&A, 411, L377
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